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The rate and tempo at which populations respond to environmental change is fundamental in understanding
the adaptive process. Evolution is generally considered to be a gradual process and it is unclear if populations
can adapt rapidly to environmental selection pressures. Annual seasonal rhythms produce rapid, predictable
environmental changes that may result in rapid adaptation in multivoltine species that reproduce multiple
times each year. This work demonstrates that Drosophila melanogaster adapts rapidly and predictably to
seasonal environmental changes across five years and multiple locations. Suites of complex fitness traits
change in a predictable way over the 10-15 generations from spring to fall. After surviving the harsh
environmental selection of the winter, the spring flies are characterized by a increased investment in somatic
maintainance: higher resistance to thermal stress, higher tolerance to pathogenic infection, faster development
time and better learning. These traits decline throughout the summer when ripening fruit is abundant due to
correlated trade-offs with reproduction. Parallel changes in G-matrixes over this seasonal timescale counters
the basic assumption of stable covariance over time and indicates that selection acts rapidly to alter the genetic
architecture of a population. We show that there are alleles that have functional effects on these important life
history traits that oscillate in frequency as a function of seasonal time, but that non-additive epistatic
interactions are prevalent and shape the genetic architecture of change across seasonal time. Functional
analysis of candidate genes shows that epistatic interactions among seasonally oscillating alleles facilitate rapid
adaptation by producing emergent fitness phenotypes. Together, these findings demonstrate rapid, repeatable
adaptation to abiotic and biotic environmental parameters that cycle as a function of seasonal time. Epistatic
interactions within and among genes facilitate the rapid evolutionary change that is occurring over timescales
previously considered static.
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ABSTRACT 
 
THE GENETIC ARCHITECTURE UNDERLYING RAPID SEASONAL EVOLUTION 
IN NATURAL POPULATIONS OF DROSOPHILA MELANOGASTER 
Emily L. Behrman 
Paul S. Schmidt 
 
 The rate and tempo at which populations respond to environmental change is 
fundamental in understanding the adaptive process. Evolution is generally considered to 
be a gradual process and it is unclear if populations can adapt rapidly to environmental 
selection pressures. Annual seasonal rhythms produce rapid, predictable environmental 
changes that may result in rapid adaptation in multivoltine species that reproduce 
multiple times each year. This work demonstrates that Drosophila melanogaster adapts 
rapidly and predictably to seasonal environmental changes across five years and multiple 
locations. Suites of complex fitness traits change in a predictable way over the 10-15 
generations from spring to fall. After surviving the harsh environmental selection of the 
winter, the spring flies are characterized by a increased investment in somatic 
maintainance: higher resistance to thermal stress, higher tolerance to pathogenic 
infection, faster development time and better learning. These traits decline throughout the 
summer when ripening fruit is abundant due to correlated trade-offs with reproduction. 
Parallel changes in G-matrixes over this seasonal timescale counters the basic assumption 
of stable covariance over time and indicates that selection acts rapidly to alter the genetic 
   x 
architecture of a population. We show that there are alleles that have functional effects on 
these important life history traits that oscillate in frequency as a function of seasonal 
time, but that non-additive epistatic interactions are prevalent and shape the genetic 
architecture of change across seasonal time. Functional analysis of candidate genes shows 
that epistatic interactions among seasonally oscillating alleles facilitate rapid adaptation 
by producing emergent fitness phenotypes. Together, these findings demonstrate rapid, 
repeatable adaptation to abiotic and biotic environmental parameters that cycle as a 
function of seasonal time. Epistatic interactions within and among genes facilitate the 
rapid evolutionary change that is occurring over timescales previously considered static.  
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CHAPTER 1  
INTRODUCTION 
 
AXES OF SELECTION: SPACE AND TIME 
 Understanding how natural selection shapes an organism to adapt to their 
environment involves dissecting the complex interactions between genotype, phenotype 
and the environment. Nonrandom patterns of phenotypic variation across environmental 
gradients can indicate adaptive response to natural selection. Evaluation of these patterns 
may provide insight into mechanisms and dynamics of the evolutionary process. 
Variation in selection pressures are distributed across two basic axes: space and time. 
 A traditional approach to infer adaptation is through the relationship between 
genotype and phenotype, which covary across environmental gradients (Endler 1977; 
1986). These relationships are evaluated by sampling individuals across spatial gradients 
(e.g., latitude, longitude, or altitude) that vary predictably in abiotic (e.g., temperature, 
precipitation, and photoperiod) and biotic (e.g., species composition and competition) 
environmental parameters. Examination along such transects enables identification of 
clines, which are predictable geographic gradients in measurable genotypes (e.g., 
allozyme or allele frequency) or phenotypes (e.g., morphological, physiological or 
behavioral traits) (Endler 1977; Slatkin 1987; Adrion et al. 2015). This approach has been 
used to infer adaptation in traits, genes, and in some cases the genetic variants that are 
directly linked to clinally varying phenotypes (Schmidt et al. 2008; Paaby et al. 2010; Lee 
et al. 2013; Paaby et al. 2014). However, demographic forces can have strong effects on 
patterns of clinal variation (Endler 1977; Bergland et al. 2016) and it can be difficult to 
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dissect the relative effects of selection versus demography. Additionally, clines provide 
limited information about timescale at which selection generates the adaptive 
patterns(Huey et al. 2000; Cogni et al. 2017). 
 
TEMPORAL ADAPTATION 
 A parallel and complementary approach to evaluate adaptive response to 
environmental heterogeneity over space is to examine evolution in “real time” by 
characterizing specific populations that experience predictable environmental variation 
over short time scales. In tracking individual populations over generational time, 
demography, admixture, and migration may be more directly evaluated. However, the 
processes of adaptation was traditionally considered to be so slow that it would not be 
possible to measure in nature. 
 Adaptation was traditionally considered to be slow with numerous small 
incremental changes that accumulate gradually over a long time period to produce visible 
differences between species (Darwin 1859). This very gradual change was supported by 
the paleontological records and it was posited that the same was true for genomics where 
the forces that alter the genetic structure of populations tend to be very weak and operate 
on time scales of thousands to millions of years (Gillespie 1991). There is now a growing 
acceptance of a temporal changes as the view of many population geneticists that 
selection in nature is often weak was challenged by field biologists who found evidence 
that selection was often strong and sometimes divergent even among neighboring 
populations that seemed to inhabit similar habitats. By late in the twentieth century the 
rapidly accumulating ecological and molecular evidence had indicated that populations of 
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most species are constantly under one or more forms of selection, and many populations 
undergo at least some degree of evolutionary change generation after generation. 
 
ARTIFICIAL SELECTION:  
POPULATIONS CAN RESPOND RAPIDLY TO SELECTION 
 Artificial selection experiments demonstrate that populations can evolve rapidly 
when exposed to strong selection. For example, after only four generations of artificial 
selection, body mass in the marine Atlantic silverside (Menidia menidia) increased by 
45% in the high selection treatment and decreased by 25% in the low selection treatment 
(Conover and Munch 2002). In rotifer–algal microcosms in the laboratory, the alga 
Chlamydomonas evolved a coloniality defense trait within a single population cycle 
when in a high density rotifer environment (Becks et al. 2010). A wild soil mite 
population increased age to maturity increased by 76% after several generations in a 
novel laboratory environment (Cameron et al. 2013). 
 While artificial selection experiments show that populations can evolve rapidly, 
the question remains, do populations evolve rapidly in nature? Evolution in species 
subject to artificial selection does not necessarily mimic natural selection in wild 
populations (Lande 1983), although selection experiments in the field suggest rapid 
evolutionary change. Transplant experiments in Trinidadian guppies (Poecilia reticulate) 
demonstrate the predicted phenotypic evolution in response to predation after 11 years 
(~30-60 generations) (Reznick et al. 1990) and partial change after 4 and 7.5 years in a 
different set of experiments (Reznick and Bryga 1987). The rate of evolution was similar 
to rates of traits that undergo artificial selection in the laboratory and seven orders of 
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magnitude more than rates that have been inferred from paleontological records (Reznick 
1997). Transplant experiments in three spine stickleback (Gasterosteus aculeatus) 
demonstrate that marine sticklebacks carry sufficient genetic variation to evolve cold 
tolerance at the rapid pace of 0.63 haldanes over just three generations (Barrett et al. 
2011). In addition to anthropogenic transplant experiments, populations also respond 
rapidly to selection by a novel competitor or predator. Habitat invasion by a congener 
(Anolis sagrei) resulted in repeated evolution of larger toe pads in the lizard Anolis 
carolinensis over just 20 generations (Stuart et al. 2014). High rates of phenotypic 
evolution occurred in soapberry bug (Jadera haematoloma) beak length in response to 
recently introduced host plants with varying fruit size (Carroll and Boyd 1992; Carroll et 
al. 2001).These artificial selection experiments in a natural context provide evidence for 
rapid adaptation in the wild, but it is important to note that the fluctuations in natural 
environments may not be as extreme as those that occur under artificial selection and 
therefore these may not accurately reflect the pace of evolutionary change in a natural 
context. 
 
RAPID PHENOTYPIC EVOLUTION IN NATURE 
 Rapid evolution is predicted when there is strong directional selection (Hendry 
and Kinnison 1999; Kopp et al. 2008). Directional selection with such a strong intensity 
is likely to occur after a habitat shift or environmental disturbance. Classic examples of 
rapid evolutionary change occur as a result of directional selection during population 
expansion to novel habitats. New environments created by extreme geological events 
provide backdrop to assist in dating recent evolutionary processes. For example, 
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postglacial retreat formed the Sand Hills in Nebraska approximately 8,000-15,000 years 
ago and resulted in rapid evolution of light color dorsal coat in deer mice (Peromyscus 
maniculatus) as a method of camouflage (Linnen et al. 2009). Freshwater habitats also 
created at the end of the last ice age were colonized by marine threespine stickleback 
(Gasterosteus aculeatus) approximately 12,000-20,000 years ago and resulted in parallel 
phenotypic evolution (Cresko et al. 2007; Bell and Foster 1994) with underlying parallel 
genetic (Cresko et al. 2004; Colosimo et al. 2005; Miller et al. 2007; Chan et al. 2010) 
and genomic (Hohenlohe et al. 2010; Jones et al. 2012; Roesti et al. 2014; Feulner et al. 
2015) bases. Similarly, the elongated-body phenotype of Cichlid fish evolved in parallel 
across isolated Nicaraguan crater lakes that formed approximately 10,000 years ago 
(Elmer et al. 2014). These examples illustrate that large scale evolutionary changes can 
occur on the scale of several thousand years. 
 Rapid adaptation as a result of directional selection due to habitat expansion also 
occurs on even shorter timescales (reviewed by Thompson 1998; 2013; Hendry and 
Kinnison 1999; Reznick and Ghalambor 2001). Parallel divergence in marine and 
freshwater stickleback has been documented over decadal timescales in recently formed 
wild stickleback populations (Bell et al. 2004; Kristjánsson 2005; Kitano et al. 2008; 
Aguirre and Bell 2012; Lescak et al. 2015). Likewise, diversifying selection after 
anthropogenic introduction to new lakes or streams resulted life history changes in 
grayling over 10-20 generations (Koskinen et al. 2002) and a switch from a migratory to 
a resident lifestyle in Rainbow Trout (Oncorhynchus mykiss)(Pearse et al. 2009). 
Together this shows that populations can evolve rapidly over the scale of 10s of 
generations, particularly during directional selection in a new habitat. 
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 Organisms can also evolve rapidly to changing environment in a single location 
over time. Long-term studies of the medium ground finch (Geospiza fortis) and cactus 
finch (Geospiza scandens) found rapid evolution of several morphological traits (e.g., 
body size and beak traits) in response to severe environmental events (e.g., drought, el 
Niño) (Gibbs and Grant 1987; Grant and Grant 2002; 2006; 2011). A drought event that 
removed fish predators resulted in rapid, strong delay in diapause date of a freshwater 
copepod (Diaptomus sanguineus) by one standard deviation per generation (Nelson G 
Hairston and Walton 1986). Some aspects of contemporary evolution may be driven by 
faster environmental change due to human activities (Hendry et al. 2008). A classic 
example of this is the rapid rise in melanic (carbonaria) form of the peppered moth 
(Biston betularia) to 98% frequency over 50 years corresponding with environmental 
byproducts of the industrial revolution and subsequent restoration of the typica form upon 
implementation of environmental regulations (Kettlewell 1956; 1958; 1961; Mani and 
Majerus 1993; Majerus et al. 2000; Majerus 2008; Cook 2010; Cook et al. 2012).  
 Fluctuating selection due to environmental rhythms may also result in rapid 
adaption. Evolution and directional evolution are not synonymous; net evolutionary 
change captures only one aspect of the evolutionary dynamics of species (Thompson 
2013). If evolution were almost solely about directional change, then species would not 
be as genetically variable as we often find them in nature considerable standing genetic 
variation on which selection can act. Populations are often more genetically variable than 
we thought, yet molecular analyses have identified much evidence of selection acting on 
the genomes of species. If most of that selection was directional selection, genetic 
variation within populations would be much more restricted than we observe. Forms of 
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selection other than directional must be important in the ongoing dynamics of 
evolutionary change. Directional evolutionary change erodes some of that variation over 
time, unless it is replenished by mutation, gene flow from other populations, fluctuating 
selection, or various forms of balancing selection that act in ways that maintain genetic 
variation (Mitchell-Olds et al. 2007).  
 The growing number of examples of rapid evolution does not necessarily mean 
that all populations evolve rapidly. There may be an ascertainment bias both that 
investigators chose a system where they suspect the possibilities that selection may be 
occurring and that studies that fail to detect selection are less likely to be published. Both 
of these situations would inflate the estimate of selection and suggest that rapid evolution 
is more prevalent in nature. However, a bias in organisms may underestimate the rate of 
evolutionary change as most studies occurred in plants and vertebrates and invertebrates, 
which make up most of the world, have short generation times are more likely to evolve 
rapidly to environmental changes.  
 Most of the data on the genetics of adaptive evolution are on morphological traits 
(Kingsolver et al. 2001). While selection on morphology was stronger than on phenology 
or life history (Kingsolver et al. 2001), it is unclear how the unequal data bias affects our 
current impressions of the strength and forms of selection. There have been relatively few 
evaluations of selection on behavior or physiology and there is not a clear consensus if 
adaptive evolution of physiology and behavior is generally more complex or simpler than 
morphological evolution. It is crucial, though, that we understand the genetics of 
behavior, which is often mediated through physiological mechanisms. Behaviors often 
determine the selection pressures to which a local population is subject (Gordon 2011). 
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Slight changes in behaviors—movement patterns, the choice of other species with which 
to interact—can alter selection on a wide range of other traits. However, rapid evolution 
of behavioral traits in natural populations is difficult to study because behaviors generally 
do not leave a permanent record unless they are associated with building structures (e.g., 
extended phenotype, Dawkins 1982). Not only do most studies focus on morphological 
traits, most studies also only evaluate selection on one trait or a few composite traits. 
Individuals are made up of many traits, and ultimately we want to know the overall 
strength of selection on a population, not the strength of selection on a few traits.  
 
GENETICS OF RAPID ADAPTATION 
 The rapid rate of phenotypic evolution may appear contradictory to classical 
population genetics models where adaptation to environmental changes occurs through an 
adaptive walk of successive selective in a neutral background. Most of these models are 
based on the assumption of low genetic diversity with a succession of selective sweeps of 
new mutations to fixation (Orr 2005; Vitti et al. 2013). However, populations are more 
genetically variable than previously suspected (Hubby and Lewontin 1966) and therefore 
selection may occur on standing variation; in rapidly changing environments this may 
lead to fluctuating selection, which would help maintain the genetic diversity in the 
population (Mitchell-Olds et al. 2007). 
 Published studies suggest that directional selection may be more common than 
stabilizing or disruptive selection, but this may represent a bias as it is easier to get clear 
results showing directional selection or frequency-dependent selection than stabilizing 
selection (Arnold and Wade 1984; Mitchell-Olds and Shaw 1987; Schluter 1988; Shaw 
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and Geyer 2010). Determining the appropriate population genetic model requires a better 
understanding of the rates of phenotypic change and how this affects the trajectories of 
genetic variation in a population (Messer et al. 2016). The genetics of adaptation can be 
‘simple’ or ‘complex’ in at least three primary ways: (1) there can be few or many 
genetic changes underlying a phenotypic difference; (2) genes of large effect can be 
present or absent; and (3) complicated epistatic interactions can be present or absent (Orr 
2001). 
 A major question about the genetics of adaptation is whether the adaptation is due 
to one gene of major effect or many genes of small effect. Selection distributed over 
many minor genes will move a population slowly and gradually. In contrast, selection on 
major genes may move a population quickly, but those genes could have detrimental 
pleiotropic effects on other genes unless those effects are mitigated by minor genes 
(Agrawal 2001; Stinchcombe et al. 2009). Selection on major genes has often occurred 
during artificial selection on domesticated species (Rhone et al. 2008), but evolution in 
species subject to artificial selection may not mimic nature (Lande 1983). In natural 
populations, even if genome-wide studies suggest that a complex trait is controlled by 
many genes, particular alleles can become the focus of strong selection in some 
environments. The number of genes controlling a trait is not the same as the number of 
genes controlling the process of adaptation. 
 One of the most difficult genetic problems to solve is how gene interactions 
influence the effects of genes on phenotypes. Genes commonly affect multiple traits 
(pleiotropy), and some genes mask the phenotypic effects of other genes (epistasis) 
(Wright 1931). Many fitness-related phenotypes that are important for adaptation 
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different environments are quantitative with highly complex genetic architecture 
(Rockman 2012; Hendry 2013; Huang et al. 2014). One example is the quantitate trait of 
Arabidopsis thaliana flowering time, which varies among genotypes and is a major 
fitness determinant in seasonal habitats. Correctly timing the transition from vegetative to 
reproductive development is critical for fitness development to synchronize the plant 
development with environmental conditions suitable for growth or reproduction 
(Engelmann and Purugganan 2006). Dozens of loci have been identified through 
association studies and quantitative trait locus (QTL) mapping that harbor natural 
polymorphisms which alter flowering time; this includes a few loci of moderate to large 
effect and a large number of loci with smaller effects (Engelmann and Purugganan 2006; 
Hungate et al. 2013). These loci may be have non-additive effects (Caicedo et al. 2004) 
that are environment-specific (Weinig et al. 2003). However, even when the underlying 
genetic architecture of a trait is complex, selection can sometimes act strongly on 
particular genes. It remains unclear how much of evolution is driven at any stage of 
adaptation by strong selection on one gene, a few genes, many genes, or even whole 
genomes. 
 Correlations between characters due to pleiotropy or epistasis complicate the 
measurement of phenotypic selection, because selection on a particular trait produces not 
only a direct effect on the distribution of that trait in a population, but also produces 
indirect effects on the distribution of correlated characters. Selection has usually been 
treated as if it acted only on single characters (Haldane 1954; Van Valen 1965; O'Donald 
1968), but natural selection acts on many characters simultaneously and phenotypic 
correlations between traits are ubiquitous (Lande and Arnold 1983). A central problem is 
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to understand how populations evolve and diverge across adaptive landscapes as 
selection shapes patterns of inheritance among multiple phenotypic traits (i.e., the G-
matrix of population genetics) (Arnold et al. 2008). There is continuing interplay between 
the genetics of evolution and the evolution of genetics as each mutation to have multiple 
phenotypic effects, some of which may be beneficial and some detrimental. 
 
 
 
 
STUDY SYSTEM 
 Decades of research on D. melanogaster has made this species the most 
extensively explored system for evaluating the role of spatially variable selection on 
evolutionary pattern and process. The species is native to sub-Saharan Africa and has 
dispersed world-wide to colonize diverse ecological habitats (David and Capy 1988; 
Andolfatto 2005). They exhibit latitudinal clines in a host of quantitative traits that are 
related to organismal fitness (Capy et al. 1993; James et al. 1997; Azevedo et al. 1998; 
Karan et al. 1998; Robinson et al. 2000; Mitrovski and Hoffmann 2001; Hoffmann et al. 
2002; De Jong and Bochdanovits 2003; Schmidt et al. 2005a; Trotta et al. 2006; see 
Appendix A for a full review) as well as molecular clines at specific loci (e.g., Oakeshott 
et al. 1982; Frydenberg et al. 2003; Sezgin et al. 2004; Tauber et al. 2007; Schmidt et al. 
2008; Paaby and Schmidt 2008; Turner et al. 2008; McKechnie et al. 2010; 
Kolaczkowski et al. 2011; Fabian et al. 2012). While demography is not readily apparent 
in D. melanogaster populations (Fabian et al. 2012), genomic analyses have 
demonstrated the pervasive nature of allele frequency clines (Turner et al. 2008; 
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Gonzalez et al. 2010; Kolaczkowski et al. 2011; Fabian et al. 2012; Reinhardt et al. 
2014).  
 Temperate Drosophila experience predictable variation in climatic parameters 
over time in many ways in parallel to environmental change associated with latitude. 
Notably the different selection regimes associated with the summer and winter seasons 
are in many ways similar to the selection pressures experienced in low-latitude and high-
latitude populations, respectively. We can make predictions about response to selection 
based on the well-characterized adaptation to latitudinal gradients. Such seasonal 
response has been observed in other multivoltine taxa (e.g., Brakefield 1985; Grant and 
Grant 2002) including parallel changes in D. pseudoobscura chromosomal inversion 
frequencies across seasonal time and spatial gradients (Dobzhansky 1943; 1948). In D. 
melanogaster, seasonal cycling has been observed for allele frequencies at the gene 
couch potato (Cogni et al. 2013), implicated in fitness tradeoffs associated with seasonal 
selection (Schmidt and Conde 2006), as well as for thousands of SNPs genome-wide 
(Bergland et al. 2014). 
 D. melanogaster is a powerful system to evaluate rapid evolution in response to 
predictable environmental changes produced by annual seasonal rhythms. In temperate 
North American orchards, D. melanogaster populations persist in farms and orchards 
across changing seasonal climate and variation in food type and abundance. Observing D. 
melanogaster is nearly impossible during the winter, but the populations are large in the 
summer and fall when temperatures are warm and ripening fruit is abundant. The 
strenuous selection imposed by the fluctuating environmental conditions provide the 
foundation upon which this work is based. D. melanogaster has a rapid development 
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cycle as fast as 8 days at optimal conditions, which means that across seasonal time each 
subsequent generation experiences drastically different environmental conditions from its 
parents. The population may evolve in response to the rapidly changing environment if 
variation in the climatic environment across seasonal time imposes differential selection 
pressures, which are in turn reflected in the nucleotide variation of populations along 
these gradients. This grand naturalistic experiment provided by the environmental 
selection across time allows us to bring D. melanogaster samples into the laboratory, 
measure traits in a common garden, and employ molecular and computational techniques 
to uncover the history of selection and identify functional genic elements responsible for 
phenotypic adaptations. This includes the identification of the phenotypes directly and 
indirectly under seasonal selection, the connection between specific molecular variants 
and these complex traits, and how the fitness dynamics are dependent on the 
environmental context.  
 In the following chapters, I present the results of my evaluation of the genetic 
architecture underling rapid seasonal adaption in natural populations of D. melanogaster. 
The following five chapters and three appendices are comprised experimental summaries, 
each written as stand-alone manuscripts:  
 
Chapter Two examines seasonal changes in fundamental aspects of population dynamics 
and life history traits in two closely related species of Drosophila located in a temperate 
orchard. The results form the foundation of the dissertation by establishing that D. 
melanogaster responds rapidly to seasonal changes in the environment.  
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Chapter Three continues to address these questions in a thorough dissection of the 
relationship between phenotype, genotype and the environment. This long-term 
investigation of seasonal life history patterns in natural populations of D. melanogaster in 
temperate orchards is conducted across time (5 consecutive years) and space (spanning 4 
degrees latitude). Genome-wide association of inbred seasonal lines to is used to identify 
genes and SNPs associated with seasonal phenotypic change and the non-additive 
interactions among SNPs that create the genetic architecture underlying rapid 
evolutionary change. 
 
Chapter Four delves into the genetic architecture underlying rapid adaptation in a case 
study of the role of epistatic interactions in the gene couch potato to facilitate rapid 
adaptation. The 3-allele haplotypes that vary independently as a function of space (clines) 
and time (season) produce non-additive emergent phenotypes that are adaptive in their 
respective environments (e.g., stress resistance and diapause in temperate climates and 
fecundity in tropical environments).  
 
Chapter Five examines adaptation to the rapidly changing biotic environment is 
examined though changes in the immune response in natural populations over space and 
time. The genetic basis of changing immune response are investigated by a functional 
analysis of immune SNPs that vary in frequency as a function of seasonal time. Epistasis 
among some of the SNPs contributes to the phenotypic changes measured in the natural 
populations.  
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Chapter Six examines behavioral evolution of cognitive abilities to the changing 
environment across seasonal time. Learning ability in natural populations changes rapidly 
across seasonal time with higher learning in the spring than the fall at the cost of 
reproductive output. There are similar patterns in learning in naturally varying haplotypes 
of the pleiotropic couch potato (cpo) with higher learning in the temperate haplotype 
compared to the tropical haplotype. We investigate how cpo integrates learning with 
other aspects of life history adaptation, in particular, reproductive output. 
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CHAPTER 2  
 
SEASONAL VARIATION IN LIFE HISTORY TRAITS 
 IN TWO DROSOPHILA SPECIES1 
 
ABSTRACT 
Seasonal environmental heterogeneity is cyclic, persistent and geographically 
widespread. In species that reproduce multiple times annually, environmental changes 
across seasonal time may create different selection regimes that may shape the population 
ecology and life history adaptation in these species. Here, we investigate how two closely 
related species of Drosophila in a temperate orchard respond to environmental changes 
across seasonal time. Natural populations of Drosophila melanogaster and D. simulans 
were sampled at four timepoints from June through November to assess seasonal change 
in fundamental aspects of population dynamics as well as life history traits. D. 
melanogaster exhibit pronounced change across seasonal time: early in the season, the 
population is inferred to be uniformly young and potentially represents the early 
generation following overwintering survivorship. D. melanogaster isofemale lines 
derived from the early population and reared in a common garden are characterized by 
high tolerance to a variety of stressors as well as a fast rate of development in the 
laboratory environment that declines across seasonal time. In contrast, wild D. simulans 
populations were inferred to be consistently heterogeneous in age distribution across 
                                                
1 This chapter has been published as a journal article: Behrman, E.L., S. Watson, K.R. 
O’Brien, M.S. Heshel and P.S. Schmidt. 2015. Seasonal life history adaptation in two 
species of Drosophila. Journal of Evolutionary Biology 28(9):1691-1704. 
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seasonal collections; only starvation tolerance changed predictably over seasonal time in 
a parallel manner as in D. melanogaster. These results suggest fundamental differences in 
population and evolutionary dynamics between these two taxa associated with seasonal 
heterogeneity in environmental parameters and associated selection pressures. 
 
INTRODUCTION 
Understanding how populations adapt to environmental variability is a 
fundamental interest in evolutionary biology. Environmental heterogeneity is commonly 
partitioned into two basic axes: variation in space and in time. While parallels between 
spatial and temporal environmental parameters may exist, greater emphasis has been 
placed on evaluating spatial variation in evolutionary dynamics of natural populations 
(Endler 1977; Slatkin 1987; Kingsolver et al. 2001). Inferences regarding spatial 
variation in selection pressures can be evaluated using population samples collected at a 
single point in time, while determining the significance of temporal variation often 
requires longitudinal studies over various timescales (Hendry and Kinnison 1999; Grant 
and Grant 2002; Carroll et al. 2007; Siepielski et al. 2009). Temporal variation can be 
evaluated over short timescales using environmental parameters that change predictably 
as a function of time across seasons within a year. This includes change in abiotic factors, 
such as temperature and photoperiod, as well as biotic variation such as ecological 
interactions within and among taxa. The traits and selection pressures associated with 
high fitness may be quite distinct between seasons that are favorable for reproduction and 
population expansion (e.g., summer) and those that are not and must be endured (e.g., 
winter). Such alternating selection pressures across seasons may be integral in the 
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maintenance of genetic variation in natural populations (Levene 1953; Dempster 1955; 
Haldane and Jayakar 1963; Gillespie 1973; Ewing 1979; Mackay 1980; Turelli 1981; 
Ellner and Hairston 1994; Hedrick 1995; 2002). However, there is limited empirical work 
on how populations respond ecologically and evolutionary to seasonal changes in 
environmental parameters and therefore there is a need for longitudinal studies in natural 
populations across seasonal time. 
For organisms that have multiple generations each year (multivoltine), there are 
several predicted outcomes in response to the seasonal environmental differences 
experienced by subsequent generations; the null hypothesis is that populations either do 
not respond or exhibit only stochastic differences across seasonal time. Alternatively, 
changes in traits over generational time may occur at an individual level as direct result 
of the different environments experienced (e.g., phenotypic plasticity) or they may reflect 
differences in the genetic composition of the population due to differential fitness over 
generational time. Phenotypic plasticity is a commonly predicted response to short term 
environmental changes over seasonal timescales (Brakefield and Reitsma 1991; Bradford 
and Roff 1993) as seen in the change in body size throughout the summer in the dung fly 
Sepsis cynipsea (Blanckenhorn et al. 1999) and seasonal shifts in frequency of color 
morphs of the ladybird beetle Adalia bipunctata (Brakefield 1985). In comparison, 
seasonal change in the genetic composition of the population due to differential fitness 
across the changing environments has been less well studied. While seasonal changes 
have been documented at the genetic level in annual cycling of Drosophila 
pseudoobscura chromosomal arrangements (Dobzhansky 1943; 1948) and D. 
melanogaster allele frequencies (Cogni et al. 2013; 2014; Paaby et al. 2014; Bergland et 
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al. 2014), the phenotypic basis for seasonal cycling in allele frequencies remains largely 
unknown. Reproductive diapause incidence in D. melanogaster is one example of change 
over seasonal time for both phenotype (Schmidt and Conde 2006) and underlying allele 
frequencies (Cogni et al. 2013). Here, we use the numerous seasonal changes in allele 
frequencies in D. melanogaster as a point of departure to investigate phenotypic change 
over seasonal time for a subset of traits that have been implicated in the adaptive 
response of D. melanogaster to spatially variable selection.  
Drosophila melanogaster has long been used as a model system to evaluate the 
role of environmental heterogeneity and spatially variable selection on evolutionary 
pattern and process. The species is native to sub-Saharan Africa and, as a human 
commensal, has colonized temperate habitats on multiple continents (David and Capy 
1988; Andolfatto 2005) on which they exhibit latitudinal clines for a variety of traits 
(Phenotypic and genetic variability of morphometrical traits in natural populations of 
Drosophila melanogaster and D simulans. I. Geographic variations 1993; James and 
Partridge 1995; James et al. 1997; Azevedo et al. 1998; Karan et al. 1998; Robinson et al. 
2000; Mitrovski and Hoffmann 2001; Hoffmann et al. 2002; De Jong and Bochdanovits 
2003; Schmidt et al. 2005b; Trotta et al. 2006; Schmidt and Paaby 2008) as well as allele 
frequencies at specific loci (Berry and Kreitman 1993; Verrelli and Eanes 2000; 
Bettencourt et al. 2002; Frydenberg et al. 2003; Sezgin et al. 2004; Tauber et al. 2007; 
Paaby et al. 2010; McKechnie et al. 2010; Cogni et al. 2013; Paaby et al. 2014). Although 
such patterns of spatial variation may reflect aspects of demography and colonization 
history (Roesti et al. 2014), the latitudinal clines in D. melanogaster are commonly 
interpreted as an adaptive result of spatially variable selection (Verrelli and Eanes 2000; 
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Mitrovski and Hoffmann 2001; Bettencourt et al. 2002; Sezgin et al. 2004; Schmidt et al. 
2008). As many of the climatic factors that change over latitudinal gradients also vary 
seasonally in temperate environments (e.g., temperature, photoperiod, humidity), D. 
melanogaster populations may also respond adaptively to environmental heterogeneity 
over short seasonal time scales. Thus, we can use these parallels with latitudinal clines to 
make concrete predictions about how traits will change over seasonal time: as 
temperature and associated parameters increase from spring to summer, we predict that 
traits will change in the same pattern as from high to low latitudes. 
 We compare two closely related species to identify generality in seasonal 
response and to dissect particular aspects unique to each species. In temperate North 
American orchards, the closely related species D. melanogaster and D. simulans co-occur 
over both seasonal time and with geography. The species share common ecologies and 
exhibit at least some degree of parallel response with respect to both phenotypic 
(McKenzie and Parsons 1974; Watada et al. 1986; Gibert et al. 2004; Arthur et al. 2008; 
Heerwaarden et al. 2012), allozyme (Anderson and Oakeshott 1984) and transcriptional 
clines (Zhao et al. 2015), although there is at least one instance of an opposing 
phenotypic cline between these species (Heerwaarden et al. 2012). However, phenotypic 
and allele frequency clines in D. simulans are less abundant and shallower than those 
observed in D. melanogaster (McKenzie and Parsons 1974; Watada et al. 1986; Capy et 
al. 1993; Arthur et al. 2008) and D. simulans has less physiological tolerance to cold and 
starvation stresses when compared to D. melanogaster (Hoffmann and Harshman 1999); 
this suggests distinct aspects of demography, physiology or selective response to 
environmental variance associated with the latitudinal extremes. Additionally, these 
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sibling species exhibit different patterns of relative abundance over seasonal time. In 
temperate North American orchards, D. melanogaster are first evident in the late spring 
(Schmidt and Conde 2006) and the population appears persistent over time. In contrast, 
D. simulans populations appear in midsummer and expand throughout the agricultural 
growing season to outnumber D. melanogaster by autumn, but are not present the 
following spring. The ecological parallels lead to the prediction that the sister taxa will 
have similar response to seasonal change, but the less robust clinal patterns in D. 
simulans and different frequencies over seasonal time suggest that their seasonal response 
may similarly be of reduced magnitude compared to D. melanogaster. 
Natural orchard populations of both species were sampled from spring through 
autumn to assess seasonal changes in ecological and evolutionary population dynamics 
and life history traits. Seasonal changes in ecological parameters are documented using 
wild-caught individuals and their offspring to measure a subset of ecologically relevant 
traits: age distribution, reproductive output and development time. Population age 
structure is a fundamental component in population dynamics in the wild (Cole 1957) and 
has been shown to change across seasonal time in other insect species (Carey et al. 2008). 
It is predicted that adults overwintering in a temperate location will emerge from 
dormancy fairly synchronously in response to environmental cues, which will result in a 
single young cohort in the spring that becomes more heterogeneous in age as non-
overlapping generations reproduce throughout the summer (Tauber et al. 1986). In 
temperate North America, D. melanogaster populations appear persistent over time (Ives 
1970; Bergland et al. 2014), potentially due to the expression of an adult reproductive 
diapause that is associated with overwintering (Saunders et al. 1989; Izquiedo 1991; 
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Mitrovski and Hoffmann 2001); therefore it is predicted that the post-dormancy 
populations will be young and age heterogeneity will increase across seasonal time.  
We examine seasonal genetic change for a subset of traits previously shown to 
vary with latitude in D. melanogaster using wild-derived isofemale lines reared in a 
common laboratory environment for several generations. We predict traits favored for 
survival at high latitudes will also be favored during the winter because of similarities in 
their environments; likewise, parallels are predicted in low latitude and summer traits. In 
North America, adaptation to northern environments is associated with increased 
investment in stress resistance (Capy et al. 1993; Hoffmann et al. 2001; De Jong and 
Bochdanovits 2003; Schmidt et al. 2005a; Schmidt and Paaby 2008). Therefore, we 
predict that winter environments also select for increased stress tolerance, and that early 
season generations in the spring will be characterized by elevated stress resistance. As the 
environment becomes more conducive to population growth throughout the summer we 
predict generalized stress tolerance to decline, due to correlations and trade-offs with 
other aspects of fitness (Roff 1992; Stearns 1992). 
 
MATERIALS AND METHODS 
Samples  
 D. melanogaster and D. simulans were collected from Linvilla Orchards in 
Media, PA [39.884179ºN, -75.411227ºE], using baited traps and aspiration at four 
timepoints spaced approximately every eight weeks: June 1-4, July 31, September 26, 
and November 9, 2011. Under light carbon dioxide anesthetic, flies were sorted to species 
subgroup and allowed to recover on standard cornmeal molasses food. Isofemale lines 
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were established by placing gavid females into individual vials of standard medium and 
the species were identified through examination of the posterior lobe of male offspring.  
Characteristics of the natural populations were measured on wild-caught flies: 
demography, reproductive output and F1 development time. Isofemale lines were 
maintained in a common laboratory environment (25°C, 12:12 L:D, standard cornmeal 
molasses food) for four generations to remove environmental effects so that any 
difference in traits among the collections represented evolutionary change in the genetics 
of the population. After the generations in the laboratory, heat knockdown, chill recovery, 
starvation resistance and development time were measured under standard laboratory 
conditions. 
 
Age distribution  
 The age distribution of the sampled populations was estimated at each collection 
timepoint to assess if demography changes across seasonal time as it does in other taxa 
(Carey et al. 2008). Age structure was estimated utilizing the deconvolution model 
(Muller et al. 2007; Carey et al. 2008) that compares the post-capture survivorship of 
wild individuals to the full lifespan of their offspring to back-calculate the age 
distribution of the wild population. This model relies on the assumption that the age of an 
individual caught in the wild is reflected in post-capture survival, with young individuals 
surviving proportionally longer than old individuals in the laboratory. By extension, a 
relative or absolute change in estimated age distribution of the population between 
collection time points indicates a shift in population age structure. All flies were reared in 
individual vials of standard cornmeal medium that were changed every day for the first 
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ten days in captivity and every three to five days thereafter. Mortality was recorded daily. 
The deconvolution model was implemented using MatLab (Math Works, Natick, MA). 
Kaplan-Meier survivorship curves for the post-capture survivorship of wild individuals 
and the full lifespan of the F1 offspring was graphed using the “survival” package in the 
R statistical analysis software (R Core Team 2012). 
 
Fecundity and Development Time  
 Reproductive output was measured through daily transfers and egg counts of wild 
females during the first ten days post-capture. We analyzed fecundity in two ways: the 
mean fecundity is a function of the population and is affected by the age distribution 
(Tatar et al. 1996; Novoseltsev et al. 2003), and the maximum fecundity is a function of 
the individual. 
Vials containing eggs laid during the first 24 hours of captivity were used to 
measure development time in the F1 post-capture generation. At three timepoints per day 
the number of puparia and eclosed adults were recorded to determine the time to pupation 
and time to eclosion. After four to five generations in standard laboratory culture, 
development time to eclosion was again measured in the same way. Thus, the full 
development time from egg to eclosion was estimated at two timepoints for each line: in 
the F1 generation and after several generations in common garden laboratory culture. The 
measurements conducted on F1 generation reflected a combination of genetic, 
environmental and associated effects whereas the measurements conducted in the 
common laboratory environment primarily reflected genetic variance. 
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Stress tolerance  
 Tolerance to a variety of stressors was examined for each isofemale line in the 
common laboratory environment after four to five generations of culture. For starvation 
resistance, groups of 12 individuals per sex for each line were sorted under light carbon 
dioxide anesthesia and recovered on food for 24 hours before transfer to vials that 
contained a cotton ball and 2mL of deionized water. The number of live and dead flies 
was observed at three standardized timepoints every 24 hours until all experimental flies 
died.  
Thermal stress assays measuring response to high and low temperatures used 
DAM2 activity monitors (TriKinetics, Waltham, MA) to record locomotor activity every 
10 seconds. Eight flies per sex per line were placed into individual glass tubes and given 
an hour to recover from the carbon dioxide anesthetic. To examine response to low 
temperature, groups of flies were buried in ice, placed in a 4ºC incubator for two hours 
and then transferred to 25˚C; chill coma recovery time was estimated as the time required 
for each fly to resume an upright stance and locomotor activity. To evaluate response to 
high temperature, collections were placed at 25˚C in a Percival I36VL incubator 
programmed to increase temperature by 1˚C per min to 37˚C. The temperature remained 
constant at 37˚C and time to thermal knockdown was recorded as the time at which 
locomotor activity ceased.  
 
Statistical analysis of life history traits  
 Mixed model ANOVAs were used to assess seasonal change in all phenotypic 
traits with month and sex as fixed effects and line[month] as a random effect. Species 
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were analyzed separately to address the species-specific question of changes over 
seasonal time and because the absence of D. simulans in June made the data and models 
non-orthogonal. When both species were present a direct comparison was made between 
the two species using T-tests corrected for multiple comparisons using Tukey’s honestly 
significant difference tests. All statistical analyses were conducted in JMP v10.0.0 (SAS 
Institute, Cary, NC). 
 
Genetic variance/covariance estimates  
 For each species, genetic correlations among stress tolerance traits for all seasonal 
collections were calculated using Pearson product-moment coefficients. Genetic 
correlations were estimated using isofemale lines to generate line means (Via 1984; Roff 
1997). Sample sizes were as follows: D. melanogaster, N= 66, 83, 47, 43 isofemale lines 
per timepoint, in chronological order; D. simulans, N= 0, 50, 87, 58 isofemale lines, 
respectively. Significance probabilities indicate whether a particular genetic correlation 
differed from zero; P-values were obtained by treating the test statistic as coming from a t 
distribution. To test whether line mean genetic variance/covariance (G) matrices were 
statistically different among species by season combinations, MANOVA was used on 
jack-knifed genetic variance/covariance values (Roff 2002a). Comparisons of 
variance/covariance matrices with this MANOVA method have been shown to produce 
the same statistical results as the Flury method (Phillips and Arnold 1989) for comparing 
G-matrices, but environmental effects are easier to incorporate into the MANOVA 
approach. For every trait pair, genetic variance/covariance pseudovalues were created by 
jack-knifing. Each set of variance/covariance pseudovalues was coded for species and 
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season of collection. MANOVA was then used to test whether sets of 
variance/covariance values significantly differed between seasons for each taxon (Roff 
2002a); e.g., chill recovery variance, heat knockdown variance, and chill/heat covariance 
pseudovalues were treated as multiple response variables in a MANOVA that included 
seasonal timing (early vs. late) as a predictor variable. F-tests and associated P-values 
were calculated from Wilks' lambda values. 
 
RESULTS 
 Over seasonal time, the relative abundance of D. melanogaster and D. simulans 
changed dramatically. In the spring, the flies we sampled were exclusively D. 
melanogaster, but by the end of the autumn D. simulans outnumbered D. melanogaster 
five-fold (Table 2-1). This suggests fundamental differences in population dynamics 
between the two taxa. 
 
Age structure  
 Multiple measurements of population age distribution suggest that the early D. 
melanogaster collection was unimodal and young; in contrast, the collections throughout 
the rest of the year contained more individuals inferred to come from older age classes. 
This is seen in the population age structure distributions estimated using the 
deconvolution model (Figure 2-1). The Kaplan-Meier survivorship curves also 
demonstrated the same pattern: the wild-caught flies in June were inferred to be young 
because their post-capture survivorship curve was so similar to the full-lifespan 
survivorship curve of the corresponding F1 flies (Figure S2-1). The other collections are 
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inferred to be older: when caught, their post-capture survival was truncated compared to 
the full F1 lifespan. Consistent with these patterns, the median post capture survival time 
of wild flies was shorter than the mean in the earliest collection and shifted towards the 
mean in the later months as the age heterogeneity increased (Table 2-1). Together these 
data provide a consistent picture of a population that appears uniformly young early in 
the spring, but increases in age heterogeneity as time progresses. 
 In contrast, the same demographic measurements yield distinct patterns for the D. 
simulans populations. Based on the inferences using the deconvolution model, D. 
simulans populations contained flies of older age classes when the species first appeared 
in July and there was much less change in age structure across the rest of the year relative 
to D. melanogaster (Figure 2-1). The Kaplan-Meier survivorship curves for D. simulans 
exhibited minimal change across seasonal time, suggesting that the age distribution 
remained consistent across the measured time points (Figure S2-1). The age distribution 
of wild flies shifted slightly younger as seasonal time progressed; the median survival 
time was initially skewed left of the mean and subsequently shifted towards the mean age 
throughout the autumn (Table 2-1). These data together depict a population that is 
consistently age-structured and does not have pronounced shifts in age distribution across 
seasonal time. 
 
Seasonal change in natural population  
 The measurements on wild females and their F1 offspring include multiple 
components, including maternal effects influenced by habitat quality and the 
environment. In both Drosophila species, reproductive output of wild caught females 
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declined over seasonal time (Figure 1-2). The mean number of eggs laid declined 
whereas the maximum showed a bimodal pattern with more eggs laid by flies collected in 
the first half of the study (June and July) than later (September and November). While 
there was no difference between species in the early collections, the autumn D. 
melanogaster laid more eggs than D. simulans (Table 2-2). 
The development time from egg to adult for F1 offspring differed by month for 
both species (Table 2-3) but there was no directionality in these changes: the 
development time oscillated around 220 hours across the collection time points      
(Figure 2-3). Early season D. melanogaster developed faster than D. simulans, but a 
difference between taxa was not evident in the autumn collections (Table 2-4). Larval 
development time (egg to pupation) mirrored that of the total development time (egg to 
eclosion) while the time in the puparium did not change by species or season (data not 
shown).  
 
Seasonal change in genetic composition  
 D. melanogaster demonstrated a consistent and strong pattern of directional 
decline in performance over seasonal time for the phenotypes assayed in the common 
garden: tolerance to heat, cold, and starvation stressors was highest in the early season 
collection and declined predictably over time (Figure 2-4, Table 2-5). Similarly, 
development time in the common garden increased linearly in D. melanogaster such that 
the last collection took nearly three full days longer to eclose than the earliest, with 
midseason collections being intermediate (Figure 2-3).  
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In contrast to patterns observed for D. melanogaster, D. simulans did not 
demonstrate a consistent change in thermal tolerance over seasonal time, although the 
linear decline in starvation tolerance paralleled that observed for D. melanogaster   
(Figure 2-4). Compared to D. melanogaster, D. simulans were more susceptible in the 
chill and starvation assays, taking longer to recover from the chill and surviving a shorter 
time without food; however, there was no difference between the species in heat 
tolerance (Table 2-4).  
 
Genetic variance/covariance  
 The estimated variance-covariance matrices significantly differed between species 
and between the early and late endpoints of the collections; furthermore, the change in 
the G matrix over seasonal time was distinct between D. simulans and D. melanogaster 
(Table 2-6, Table S2-1). For either species, only a single variance/covariance estimate 
(between starvation tolerance and development time in D. melanogaster) did not 
significantly vary between the early and late collections. In D. melanogaster, knockdown 
time under heat stress and recovery time from chill coma demonstrated a significant 
positive correlation both in the early and late season collections, although the correlation 
was significantly stronger in the former. The positive correlation indicated a negative 
functional association, as increasing values for high temperature knockdown were 
indicative of increased stress tolerance, whereas decreasing values were indicative of the 
same for tolerance to cold. This suggests the potential for a pronounced trade-off between 
performance under high and low temperatures. In contrast, the correlation between 
development time and high temperature knockdown did not indicate a functional trade-
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off, as increased resistance to heat stress was associated with a faster rate of 
development; this was evident in the early season collection only, and was distinct from 
the observed pattern in the late season collection.  
While all variance/covariance matrices were significantly distinct between early 
and late collections for D. simulans, the only individual correlation that approached 
significance was that between starvation tolerance and chill coma recovery time      
(Table 2-6). This correlation was negative: i.e., this demonstrated a positive functional 
association where lines with an increased starvation resistance also recovered more 
quickly from exposure to cold. 
 
 
DISCUSSION 
Mode of seasonal change  
 There are several ways in which multivoltine species may respond to changing 
selection pressures caused by seasonal environmental heterogeneity. Populations may not 
respond to the seasonal change in environmental parameters, with phenotypes that are 
either fixed over time or fluctuate in a stochastic, non-directional manner. While 
phenotypic plasticity may be elicited in response to cyclic environmental heterogeneity 
(Bradford and Roff 1993; de Jong and Brakefield 1998), in this study the isofemale lines 
were reared in a common-garden laboratory environment to remove environmental 
effects that may have reflected phenotypic plasticity. Alternatively, natural selection for 
traits associated with high fitness in a specific environment may result in a rapid adaptive 
response if the population contains standing genetic variation for those traits; for 
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example, in D. melanogaster seasonal shifts in diapause incidence (Schmidt and Conde 
2006) may result in seasonal change in allele frequencies at the gene couch potato (Cogni 
et al. 2013).  
 The significant differences in traits across collection time points in both species 
were indicative of some degree of seasonal response. Changes were seen in 
measurements of wild flies (i.e., fecundity) that reflect environmental variation as well as 
in the traits measured in the common garden (i.e., stress traits) that indicate genetic 
change in the population. The predictable pattern of decline for some traits suggests that 
the changes across seasonal time were not due to random chance. Additionally, the traits 
measured in the common garden showed rapid changes between subsequent collections 
that were unlikely to be explained by genetic drift. Therefore, it seemed unlikely that the 
seasonal patterns described were due to random stochasticity, but instead represented 
deterministic ecological and evolutionary processes. 
 The change across seasonal time in stress resistance traits measured in the 
common laboratory environment demonstrated seasonal change in the genetic 
composition of the population. In D. melanogaster, the decline in stress resistance from 
spring through summer was consistent with the operation of natural selection following 
the prediction of selection for high stress resistance during the winter and relaxed 
selection on stress resistance throughout the summer. However, the observed data may 
have reflected migration because D. melanogaster populations at lower latitudes are 
characterized by reduced tolerance to at least some stressors (Hoffmann et al. 2001; 
Schmidt and Paaby 2008) and an influx of migrants from lower latitude locales 
throughout the summer would be predicted to result in a decrease in stress tolerance over 
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seasonal time. Such patterns of migration should have affected allele frequency profiles 
as well as phenotypes. Pooled sequencing of this Pennsylvania orchard population over 
three successive years, including the collections analyzed here, has demonstrated that 
migration alone is insufficient to explain observed seasonal changes in allele frequencies 
genome-wide (Bergland et al. 2014). By extension, migration from southern regions on 
the east coast of the U.S. cannot explain the rapid and pronounced change in phenotypic 
profiles that we observed and describe here. 
 The demographic and phenotypic patterns across seasonal time were different for 
D. simulans compared to D. melanogaster. D. simulans was absent in the earliest 
collection and when it appeared in late July the population was composed of a diversity 
of age classes that remained consistent throughout the autumn. The absence of D. 
simulans during the first half of the calendar year may be because they are generally 
considered to be a more tropical taxon than D. melanogaster (Capy et al. 1993; Hoffmann 
and Harshman 1999) with no overwintering mechanism identified and therefore they may 
be less able to maintain a resident population in temperate climates (Schmidt and Conde 
2006; Schmidt 2011). The stability of age heterogeneity across seasonal time was 
consistent with the hypothesis of either annual recolonization or a longer residence time 
in refugia. Migration from a southern refuge could have caused the delay in appearance 
and explained the age heterogeneity, as Drosophila of all ages are thought to be 
transported passively by wind or humans over long distances (Dobzhansky 1973). 
Alternatively, the delayed appearance could have been due to a longer residence in local 
refugia that support continuous populations, such that upon return to the orchard the flies 
were a mixture of ages. Both scenarios would result in the patterns collected here; D. 
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simulans reappeared in the orchard when environmental conditions were suitable and 
exhibited less directional phenotypic change in comparison to D. melanogaster. Only 
starvation resistance declined from spring to autumn in a parallel way between the two 
species. Distinguishing between the recolonization and local refuge hypotheses requires a 
targeted study that involves direct field measurements over time (e.g., mark release 
recapture) or inference from longitudinal sampling and sequencing. However, both 
hypotheses are consistent with the inference that, relative to D. melanogaster, D. 
simulans was less temporally persistent in temperate orchards and may exhibit a 
relatively weaker adaptive response to seasonal change in environmental parameters.  
 
Seasonal population dynamics  
 The initial young composition of D. melanogaster was consistent with the 
hypothesis that after overwintering, adults were cued by environmental stimuli to emerge 
synchronously from dormancy to produce an initial cohort of uniform age composition 
(Tauber et al. 1986). The June collection analyzed here was likely among the first post-
dormancy cohorts; based on slower development time at cool spring temperatures (Trotta 
et al. 2006), it was estimated that the eggs were laid in April, the time at which D. 
melanogaster were first collected in appreciable numbers in Pennsylvania (Schmidt and 
Conde 2006). After the initial uniformly young sample, the age composition followed the 
predicted increase in heterogeneity as the population grew and reproduced throughout the 
summer ( Tauber et al. 1986); such seasonal changes in population age composition have 
also been documented in the medfly Ceratitis capitata (Carey et al. 2008). Together, the 
seasonal changes in demography of C. capitata and D. melanogaster suggest that the age 
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composition of many multivoltine species may be dynamic across seasonal time. 
However, the different seasonal demographic dynamics in D. melanogaster and D 
simulans indicate that seasonal changes in age composition is one component of a suite of 
traits that may respond to environmental heterogeneity. 
While D. melanogaster and D. simulans are commonly considered to have a short 
lifespan (~1-6 days) in nature (Rosewell and Shorrocks 1987), the data presented here 
suggest that individuals of both species reached old ages of one to two months in the 
wild; as with other short lived insects (Bonduriansky and Brassil 2002), senescence may 
be pronounced in natural populations of Drosophila. As many life history traits have age-
specific properties (Minois and Le Bourg 1999; Nghiem 2000; Zerofsky et al. 2005), any 
seasonal change over time in the demographic composition of the population may also 
have significant effects on selection dynamics in the field. Early in the season the 
unimodal young D. melanogaster population would be expected to have a uniform age-
specific response to the environment. In contrast, the increase in age heterogeneity 
throughout the summer and autumn would lead to a predicted wider range of responses to 
the same stress. 
The change in population age structure across the season in D. melanogaster 
suggests that antagonistic pleiotropy associated with age-specific fitness parameters may 
add an additional layer of complexity to the population dynamics (Williams 1957). 
Antagonistic pleiotropy can maintain additive genetic variation for fitness components 
and may allow for protected polymorphism in the absence of over dominance in 
populations with overlapping and non-overlapping generations (Rose 1982; 1983; 1985). 
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In this way, it is possible that antagonistic pleiotropy may contribute to adaptive seasonal 
polymorphism in these populations (Bergland et al. 2014). 
 
Implications of seasonal selection 
 In D. melanogaster populations, traits associated with fitness change in a non-
random manner along with the environment over seasonal time; this may be due to 
environmentally mediated selection over short time scales that previously may have been 
considered evolutionarily static. Whole genome resequencing of the same population 
over three consecutive years has demonstrated that hundreds of SNPs consistently 
oscillate in allele frequency between spring and autumn (Bergland et al. 2014). Taken 
together, these results suggest that selection in D. melanogaster can act in a rapid fashion, 
and that temporal variation in fitness may result in seasonal oscillations at both the 
phenotypic and genomic levels. However, the rapidity of environmental change may 
result in maladapation because of a delay between the traits being selected in the parental 
environmental conditions that may not have the highest fitness in the subsequent 
generation.  
The rapid response to environmental variables that characterize seasons may 
result in cyclic selection that maintains diversity in the population. Based on the observed 
change in traits from spring to autumn, we predict that the distinct selection regimes 
associated with summer population expansion and winter collapse will produce annual 
cycles in these traits as seen in reproductive diapause frequency in D. melanogaster 
(Schmidt and Conde 2006). This alternating selection for winter and summer phenotypes 
is a special case of microevolution for an intermediate optimum known as fluctuating-
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stabilizing selection (Wright 1968; Rose 1982); this selection for bet-hedging can be 
applied hierarchically to a broad range of evolutionary scales (Simons 2002). It is 
expected to maintain phenotypic and genetic variation within a population and, in doing 
so, seasonal environmental selection may limit or slow evolutionary processes including 
population divergence (Levins 1968; Sasaki and Ellner 1997) and local adaptation 
(Kawecki and Ebert 2004).  
The phenotypic change we observe here from spring through autumn should be 
considered in the larger context of annual cycles of seasonal selection across seasons. 
Such cycling selection may yield underestimates in the strength or direction of selection 
by averaging trait values across seasonal time; this may contribute to low estimates of the 
strength of selection over an entire breeding season (Kingsolver et al. 2001). 
Additionally, seasonal changes in the variance-covariance matrices demonstrate that 
strong selection on this timescale effects genetic correlations; this alters the basic 
assumption of stable covariance over time when making phenotypic evolutionary 
predictions. 
The magnitude and rapidity of the phenotypic change observed over seasonal time 
leads to the hypothesis that seasonal dynamics may also contribute to the formation and 
persistence of latitudinal clines. Differential length of seasons could generate latitudinal 
clines if a favored phenotype reaches high frequency in the winter but selection against it 
during the summer decreases its frequency in proportion to the length of the growing 
season (Rhomberg and Singh 1986). Our data demonstrate that the range and variance 
associated with temporal sampling of Drosophila in a temperate orchard is equivalent to 
that previously observed in collections of natural populations spanning 20˚ latitude in the 
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eastern U.S. (Schmidt and Paaby 2008). Given the extent of phenotypic change 
throughout the climatic period favorable for Drosophila population growth and 
reproduction, temporal variation in selection pressures could be at least partially 
responsible for the generation of latitudinal clines that appear so pervasive in D. 
melanogaster (Capy et al. 1993; James and Partridge 1995; Mitrovski and Hoffmann 
2001; Schmidt et al. 2005a; Trotta et al. 2006). Such systematic changes in season length 
along a latitudinal gradient can generate either simple or “saw-tooth” clines (Roff 1980). 
However, the seasonal phase cline hypothesis and the connection between temporal and 
spatial evolutionary dynamics of life histories remain to be comprehensively tested in 
nature. 
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  D. melanogaster  D. simulans 
Month Sex N Mean SE Med. Max.  N Mean SE Med. Max. 
Wild fly post-capture survival 
June F 59 45.92 2.59 44 82  - - - - - 
 M 96 43.9 1.74 40 75  - - - - - 
July F 114 24.62 1.48 19 68  78 30.94 1.75 37 57 
 M 110 24.67 1.39 22 61  92 34.09 1.43 34.5 61 
September F 34 29.53 3.07 30 70  126 25.93 1.4 30 60 
 M 136 20.57 1.49 16 75  114 29.69 1.62 32.5 60 
November F 56 26.39 1.75 24 62  239 26.76 0.77 27 52 
 M 94 21.89 1.51 21 58  122 31.36 1.18 30 56 
F1 full lifespan 
June F 68 44.44 1.82 46 73  - - - - - 
 M 63 57.54 1.61 62 74  - - - - - 
July F 96 47.15 1.30 48.5 67  66 47.79 1.46 46.5 67 
 M 81 46.99 1.71 52 66  68 46.37 1.66 52 65 
September F 45 52.78 2.56 56 81  151 44.75 0.98 44 73 
 M 49 53.73 2.10 56 83  130 56.65 1.18 58 84 
November F 47 46.06 2.04 43 73  194 43.88 0.78 44 77 
 M 45 52.16 2.35 54 75  193 54.22 1.03 58 78 
Table 2-1 Post-capture survival of wild-caught Drosophila and full lifespan of 
offspring measured in days 
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Table 2-2. Mixed-model ANOVAs for environmental and common garden traits measured across seasons 
for each species with Month and Sex as fixed effects and Line[Month] as a random effect. 
   
D. melanogaster 
  
D. simulans 
 
   
DF SS F Ratio 
  
DF SS F Ratio 
 
En
vi
ro
nm
en
t 
Mean eggs per day 
 Month 3 26222 20.479 ***  
2 18315.9 49.623 *** 
 Line[Month] 236 100785 3.3052 *** 
 
389 71992.5 2.5087 *** 
Maximum eggs per day 
       
 
Month 3 9870.932 18.749 *** 
 
2 23027.047 105.639 *** 
F1 Development Time 
        
 
Month 3 264618 81.784 *** 
 
2 439181 98.709 *** 
 
Sex 1 14097.8 87.686 *** 
 
1 30101.3 166.695 *** 
 
Month*Sex 3 1074.77 2.283   
2 606.947 1.6806  
 
Line[Month] 281 696134 15.409 *** 
 
430 1244342 16.025 *** 
            
Development Time          
C
om
m
on
 G
ar
de
n 
 
Month 3 1317083 172.41 *** 
 
2 1362253 286.562 *** 
 
Sex 1 1863 4.481 * 
 
1 4521.36 11.796 ** 
 
Month*Sex 3 58446 46.859 *** 
 
2 41179.3 53.717 *** 
 
Line[Month] 227 1058577 11.216 *** 
 
397 1992859 13.096 *** 
Heat Knockdown 
         
 
Month 3 7.23E+09 27.061 *** 
 
2 6.66E+08 14.409 *** 
 
Sex 1 1812750 0.771  
 
1 93538.8 0.055  
 
Month*Sex 3 8405978 1.192  
 
2 3.42+06 0.999  
 
Line[Month] 228 2.20E+10 40.636 *** 
 
208 6.51E+09 18.327 *** 
Chill Recovery 
         
 
Month 3 2.51E+07 3.773 * 
 
2 6.74E+07 11.517 *** 
 
Sex 1 2015167 2.593  
 
1 4525210 4.726 * 
 
Month*Sex 3 1452574 0.623  
 
2 2497510 1.304  
 
Line[Month] 237 5.36E+08 2.908 *** 
 
430 6.01E+08 3.171 *** 
Starvation Resistance 
         
 
Month 3 1375073 138.684 *** 
 
2 226248 67.8033 *** 
 
Sex 1 2474462 7062.638 *** 
 
1 1070297 3779.517 *** 
 
Month*Sex 3 85167.5 81.0287 *** 
 
2 33365.4 58.9112 *** 
 
Line[Month] 227 1919109 10.0876 *** 
 
397 465053 6.0823 *** 
 
* p<0.05, ** p<0.01, ***p<0.0001 
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D. melanogaster 
 
Chill Heat Starvation Development 
Chill 1 0.48429018 -0.0880632 0.01198028 
Heat 0.39263658 1 0.00142993 -0.2642816 
Starvation -0.124261 0.00840717 1 -0.0276306 
Development -0.0668889 -0.0847142 0.02486902 1 
     D. simulans 
 
Chill Heat Starvation Development 
Chill 1 -0.2277738 -0.3282139 0.10125605 
Heat -0.0513712 1 -0.3038521 0.12133322 
Starvation -0.0636857 -0.186429 1 0.10700678 
Development -0.0845394 -0.1804966 0.15166336 1 
Table 2-4 Correlated traits throughout the season with early season (June) above the 
diagonal and late (November) below the diagonal. Bolded correlations are significantly 
different than zero at P = 0.05 with Pearson product-moment correlation tests; italicized 
and bolded correlations are marginally different than zero at P = 0.10. Underlined 
correlations indicate trait variance/covariances that did not significantly differ between 
months at P = 0.05; all other variance/covariances differed between months for a 
particular trait combination at P = 0.001 with MANOVA. 
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Figure 2-1 Seasonal changes in age distribution of wild Drosophila estimated using the 
deconvolution model. Each graph plots the density of the estimated age distribution of the 
population in nature versus age in days. Using this method, the June population of D. 
melanogaster is inferred to be relatively young and is distinct from the subsequent 
collections that are more heterogeneous and contain older flies. Not collected in June, D. 
simulans consistently contained flies of old age classes when the species was present in 
the orchard. 
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Figure 2-2 Wild flies of both species have a seasonal decline in mean (A) and maximum 
(B) number of eggs (±SE) laid per day during the first 10 days of captivity. D. 
melanogaster are indicated in filled circles and D. simulans in empty circles. There is no 
difference between species in mean the reproductive output, however, D. simulans has a 
higher maximum fecundity compared to D. melanogaster in July but lower during the 
rest of the season.  
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Figure 2-3 Mean (±SE) development time in hours for F1 individuals (A-B) and flies that 
had been in a common garden laboratory environment (C-D) for D. melanogaster (A&C) 
and D. simulans (B&D). Females are indicated in filled circles and males in empty 
circles. The F1 development time includes maternal effects that may reflect 
environmental quality and is oscillates around the same duration for both species across 
seasonal time. The common garden development time removes such environmental 
effects and it increases drastically for D. melanogaster, however, does not have a 
directional change for D. simulans. 
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Figure 2-4 Mean (±SE) recovery time from chill (A-B), knockdown time from heat (C-D) 
and survival time without food (E-F) for flies that had been in a common garden 
laboratory environment. D. melanogaster (A,C, E) shows a seasonal decline in quality for 
all of these traits whereas D. simulans (B,D,F) demonstrates no clear pattern for thermal 
traits and a seasonal decline in starvation resistance. Females are indicated in filled 
circles and males in empty circles. 
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SUPPLEMENT 
 
Figure S 2-1 Kaplain-Meier survivorship curves for wild (solid) and F1 (dashed) 
Drosophila across seasonal time. The wild and F1 D. melanogaster collected in June 
have very similar survivorship curves, implying that the wild-caught flies were relatively 
young. The higher mortality of D. melanogaster caught throughout the rest of the season 
implies that the population contains flies of older age classes. There were no D. simulans 
caught in June, however, the relationship between the wild and F1 survivorship curves 
remains constant throughout the rest of the season, implying a similar age composition 
across seasonal time. 
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Table S 2-1 Correlation matrices between traits by species across time. Bolded 
correlations are significantly different than zero at P = 0.05 with Pearson product-
moment correlation tests. Underlined correlations indicate trait variance/covariances 
that did not significantly differ between species at P = 0.05; all other 
variance/covariances differed between species for a particular trait combination at P 
= 0.001 with MANOVA. 
 Environmental 
 Max Fec. Total Fec. Development 
 July D. melanogaster above diagonal D. simulans below diagonal 
Max 
Fecundity 1 0.7164 0.4092 
Total 
Fecundity 0.6519 1 0.4537 
Development 0.3994 0.3331 1 
     
Chill 0.1225 0.2683 0.2191 
Heat 0.09517 0.04041 0.4369 
Starvation -0.4182 -0.1493 -0.4673 
Development 0.1096 0.09377 0.5115 
 September D. melanogaster above diagonal D. simulans below diagonal 
Max 
Fecundity 1 0.6217 0.5553 
Total 
Fecundity 0.5884 1 0.1982 
Development 0.3383 0.2338 1 
     
Chill 0.2134 0.01171 -0.2099 
Heat -0.1358 0.02473 -0.2472 
Starvation -0.1923 -0.1642 -0.1813 
Development 0.2505 -0.1030 0.3384 
 November D. melanogaster above diagonal D. simulans below diagonal 
Max 
Fecundity 1 0.8738 0.04420 
Total 
Fecundity 0.8445 1 0.04938 
Development 0.08128 0.1209 1 
     
Chill 0.1229 -0.007687 0.05376 
Heat -0.0679 -0.08260 0.01061 
Starvation 0.04939 0.1106 -0.1999 
Development 0.1078 0.1267 0.2249 
   49 
 
  Common Garden 
  Chill Heat Starvation Development 
      
 July D. melanogaster above diagonal D. simulans below diagonal 
F1
 
Max 
Fecundity -0.05082 0.2154 -0.0460 -0.03787 
Total 
Fecundity -0.07936 -0.09024 -0.09764 0.2484 
Development 0.01262 0.03102 -0.2858 -0.05823 
      
C
om
m
on
 
G
ar
de
n Chill 1 0.4857 -0.1606 -0.003544 
Heat 0.09178 1 0.1814 0.09614 
Starvation -0.7753 -0.1144 1 0.3160 
Development 0.01874 0.7259 -0.2226 1 
      
 September D. melanogaster above diagonal D. simulans below diagonal 
F1
 
Max 
Fecundity -0.1344 -0.4278 0.03838 -0.2674 
Total 
Fecundity 0.07320 -0.1075 0.2361 -0.1098 
Development -0.3558 -0.2997 -0.1751 0.05038 
      
C
om
m
o
n G
ar
de
n 
Chill 1 0.03242 0.10537 -0.03218 
Heat 0.1955 1 0.2935 0.1732 
Starvation -0.08816 -0.3958 1 -0.2153 
Development 0.01198 -0.1266 0.09704 1 
      
 November D. melanogaster above diagonal D. simulans below diagonal 
F1
 
Max 
Fecundity -0.1302 -0.06418 0.1255 0.04289 
Total 
Fecundity -0.09691 0.04368 0.04285 -0.03105 
Development -0.02637 0.1027 -0.2859 0.3451 
      
C
om
m
on
 
G
ar
de
n Chill 1 0.3837 -0.2315 -0.07464 
Heat -0.01683 1 -0.0539 -0.1229 
Starvation -0.04237 -0.2207 1 -0.01617 
Development 0.08062 -0.1856 0.1908 1 
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CHAPTER 3  
 
 
LONG TERM EVOLUTIONARY DYNAMICS  
OF SEASONAL ADAPTATION 
 IN DROSOPHILA MELANOGASTER 
 
ABSTRACT 
 The rate and tempo at which populations respond to environmental change is 
fundamental in understanding the adaptive process (Thompson 1998; Grant and Grant 
2002; Carroll et al. 2007; Thompson 2013). Annual seasonal rhythms produce rapid, 
predictable environmental changes that may result in rapid adaptation. We show that 
Drosophila melanogaster adapt rapidly and predictably to seasonal environmental 
changes across five years and multiple locations. Suites of complex fitness traits change 
in a predictable way over the 10-15 generations from spring to fall. Parallel changes in G-
matrixes indicate that selection acts rapidly to alter the genetic architecture of a 
population. Functional analysis of candidate genes shows that epistatic interactions 
among seasonally oscillating alleles facilitate rapid adaptation by producing emergent 
fitness phenotypes. Together, our findings demonstrate rapid, repeatable adaptation to 
abiotic and biotic environmental parameters that cycle as a function of seasonal time. We 
show that epistatic interactions within and among genes facilitate the rapid evolutionary 
change that is occurring over timescales that were previously considered static. 
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METHODS 
EXPERIMENTAL MODEL AND SUBJECT DETAILS  
Wild collections 
 Wild D. melanogaster were collected using aspiration from June 2011 through 
November 2015 at Linvilla Orchards in Media, PA (39.884179ºN, -75.411227ºE). In 
2012 and 2014, additional collections were made in parallel in July and October at 
locations equidistant north and south: George Hill Orchard in Lancaster, MA 
(42.500493ºN, -71.563580ºE) and Carter Mountain Orchard in Charlottesville, VA 
(37.991851ºN, -78.471630ºE). Gravid wild-caught females were used to establish 
isofemale lines. Flies were reared on cornmeal molasses food in standard laboratory 
conditions (25ºC, 12L:12D) on a four-week transfer cycle. After four generations in the 
common garden environment, development time, chill recovery, heat knockdown and 
starvation resistance were measured in the laboratory as described in (Behrman et al. 
2015). Transgenerational transmission of environmental effects is removed after two 
generations in a common environment, therefore differences among the populations are 
inferred to reflect differences in the genetic basis of the measured traits. 
 
Inbred panel 
 In 2012, the isofemale lines subsequently underwent an inbreeding scheme of 
paired sibling matings for 20 generations. This inbred panel was then sequenced and the 
traits were measured in the same way for the genome wide association study (GWAS). 
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Reconstructed temporal panel 
 Population cages were created for spring and fall collections from 2012-2015 
during the spring of 2016. For each collection point, 10 gravid females from 40 isofemale 
lines (or inbred lines for 2012) were released into population cages and allowed to 
recombine for at least 10 generations of non-overlapping mating.  
 
Drosophila Husbandry 
 Isofemale lines were maintained in standard laboratory conditions (25ºC 12:12 
L:D) on standard cornmeal molasses food. For the experiments, daily cohorts were 
collected from replicate vials that were reared at standardized densities. Mixed-sex 
cohorts were aged for 3-5 days before traits were measured on replicates from both sexes.  
 
Genomic data 
 Spring and fall endpoints of seasonal collections from Linvilla Orchards were 
sequenced using pooled sequencing over consecutive years (2009-2015). DNA libraries 
were prepared for sequencing on the Illumina HiSeq2000 platform following the protocol 
of (Bergland et al. 2014). Briefly, libraries were generated by homogenizing 100 whole 
male flies in 200ul lysis buffer using a motorized pestle grinder and an isopropanol DNA 
precipitation. DNA was prepared for Illumina sequencing by shearing, end- repair and 
ligation. To do so, DNA w was sheared to 500 bp using a Covaris machine and eluted to 
30 mL using a QIAGEN PCR-purification kit (product number 28104). After end repair, 
DNA was purified using a QIAGEN PCR-clean up kit, dATP addition, and further 
purification using a QIAGEN MinElute kit (product number 28004) to a final volume of 
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11 mL. Sequencing adapters (custom synthesized by IDT) were ligated to DNA using 
T/A ligation followed ligase deactivation. 500 bp size-selection using 2%, pre-cast 
SizeSelect E-Gel (Life Technologies product number G661002) and two replication PCR 
amplifications were the final step to prepare DNA sequencing libraries. DNA was 
purified using a QIAGEN PCR-cleanup kit and was quantified on a Life Technologies 
Qubit spectrophotometer as well as with a Agilent Bioanalyzer. Libraries were diluted to 
the appropriate concentration and sent to the Sequencing Service Center at the Stanford 
Center Genomics and Personalized Medicine for sequencing on the HiSeq 2000 platform.  
 Raw, paired-end 100 bp sequence reads were mapped to the D. melanogaster 
reference genome version 5.39 using bwa version 0.5.9-r16 (Li and Durbin 2009). PCR 
duplicates were removed using samtools version 0.1.18 (Li et al. 2009) and local 
realignment around indels was performed using GATK version 1.4–25 (Bauer 2011). 
Finally, to ensure that the examined SNPs were not artifacts of our pooled resequencing, 
we removed any SNP not present in the SNP tables provided by freeze 2 of the DGRP 
(Huang et al. 2014) (http://www.hgsc.bcm. tmc.edu/projects/dgrp/). SNPs were annotated 
using SNPeff version 2.0.5 (Cingolani et al. 2014). 
 
Environmental data 
 Environmental data from the a nearby weather station located at the Philadelphia 
International Airport as part of the Global Historical Climatology Network of the 
National Oceanic Atmospheric Administration. Daily measurements of the temperature 
maximum and minimum, wind direction and speed, rain and snow fall, weather events 
and hours of daylight were used from December 1, 2010 through November 30, 2015. 
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METHOD DETAILS  
Development time 
 Vials containing eggs laid during the first 24 hours of captivity were used to 
measure development time in the F1 post-capture generation. At three timepoints per day 
the number of puparia and eclosed adults were recorded to determine the time to pupation 
and time to eclosion. After four to five generations in standard laboratory culture, 
development time to eclosion was again measured in the same way. Thus, the full 
development time from egg to eclosion was estimated at two timepoints for each line: in 
the F1 generation and after several generations in common garden laboratory culture. The 
measurements conducted on F1 generation reflected a combination of genetic, 
environmental and associated effects whereas the measurements conducted in the 
common laboratory environment primarily reflected genetic variance. 
 
Stress tolerance 
 Tolerance to a variety of stressors was examined for each isofemale line in the 
common laboratory environment after four to five generations of culture. For starvation 
resistance, groups of 12 individuals per sex for each line were sorted under light carbon 
dioxide anesthesia and recovered on food for 24 hours before transfer to vials that 
contained a cotton ball and 2mL of deionized water. The number of live and dead flies 
was observed at three standardized timepoints every 24 hours until all experimental flies 
died.  
 Thermal stress assays measuring response to high and low temperatures used 
DAM2 activity monitors (TriKinetics, Waltham, MA) to record locomotor activity every 
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10 seconds. Eight flies per sex per line were placed into individual glass tubes and given 
an hour to recover from the carbon dioxide anesthetic. To examine response to low 
temperature, groups of flies were buried in ice, placed in a 4ºC incubator for two hours 
and then transferred to 25˚C; chill coma recovery time was estimated as the time required 
for each fly to resume an upright stance and locomotor activity. To evaluate response to 
high temperature, collections were placed at 25˚C in a Percival I36VL incubator 
programmed to increase temperature by 1˚C per min to 37˚C. The temperature remained 
constant at 37˚C and time to thermal knockdown was recorded as the time at which 
locomotor activity ceased.  
 
Fecundity 
 Fecundity was measured by placing 25 virgin females and 25 white-eyed males 
[w1118] into population bottles. Food plates were changed daily for ten days and eggs 
were counted as well as mortality noted. Average fecundity was calculated daily across 
10 replicate vials per population. 
 
 
QUANTIFICATION AND STATISTICAL ANALYSIS  
 
Longitudinal samples 
 ANOVA in R used to analyze the phenotypic data across season. Season, Year 
and Populaiton were fixed effects and line nested within collection was a random effect. 
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G-matrices 
 Genetic correlations will be calculated among early and late season trait inbred 
line means with Pearson product-moment coefficients (Via 1984; Roff et al. 1997). 
MANOVAs were used on jack-knifed genetic variance/covariance values to test whether 
line mean genetic variance/covariance (G) matrices are statistically different by season 
(Roff 2002b). Comparisons of G-matrices with this MANOVA method have been shown 
to produce the same statistical results as the Flury method (e.g., Phillips and Arnold 
1989)) for comparing G-matrices, but environmental effects are easier to incorporate into 
the MANOVA approach. F-tests and associated P-values will be calculated from Wilks' 
lambda values. 
 
Genome wide association study 
 The genome wide association study was performed using Plink v 1.09 where was 
the line mean for each trait analyzed separately by males, females and pooled. 
Wolbachia presence and inversion status for the major inversions (In(2L)t, 2R_std, 
In(3R)C, In(3r)Mo, In(3R)Payne) were included as covariates in the model and loci with 
more than 0.1 missing alleles and minor allele frequency less than 0.05 were excluded.  
SNPs with a p-value < 5x10-5 were included. The same analysis was performed on the 
Drosophila Genetics Reference Panel (Mackay et al. 2012) to look at consistency across 
the GWAS studies. 
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Epistasis 
 We performed a genome-wide screen for pairwise epistatic interactions for all 
traits using the model:  
Y = β0 + β1gA + β2gB + β3gAgB 
where Y was the line mean for each trait, gA and gB were allele counts for each 
inspected variant pair (A, B) and the β3 coefficients tested for significant effect of 
interaction.We began by pruning variants for LD using PLINK, such that for any 100 
consecutive variants with an MAF > 0.05, no pair had an r2 > 0.8. This resulted in 
288,642 variants and 4.17x1010 possible pairwise tests for association, which was 
corrected for false discovery rate using the Benjamini-Hochberg procedure and then 
adjusted with the Bonferoni correction of p<1.0575-12. 
 
 
RESULTS AND DISCUSSION 
Rapid trait evolution in natural populations 
 The Pennsylvania populations cycled in a pronounced and repeatable pattern from 
spring to fall across the five replicate years for a suite of life history traits (Figure 1, 
Table S2). The spring collections were characterized by overall higher stress resistance 
with longer starvation resistance (Figure 3-1 A,E), longer time before heat knockdown 
(Figure 3-1 B, F), faster chill recovery time (Figure 3-1, C, G) and faster development 
time (Figure 3-1 D, H). The high stress resistance in the spring appears to be maintained 
at the cost of reproductive output, which increases in the Fall (Figure 3-1I). This 
encapsulates the classic life history trade-off between reproduction and survival (Stearns 
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1992). Year to year variation in traits may be due to the differences in winter severity 
(Figure S3-1, Table S3-3). 
 These differences between spring and fall populations reflect genetic-based 
change over the course of the 10-15 generations between collections because the traits 
were measured after four generations in a common standardized laboratory environment 
for four generations to remove maternal and environmental effects (Figure 3-1 A-D, 
Table S3-2). The genetic differences among the seasonal collections were maintained 
after different lengths of time in laboratory culture when the traits were remeasured on 
the reconstructed temporal panel (Figure 3-1 E- H, Table S3-2), further demonstrating the 
genetic-basis of the trait differences in these collections. 
 Rapid adaptation to seasonal changes were consistent across populations. Traits 
measured from Massachusetts and Virginia populations collected cross time changed in 
parallel to the focal Pennsylvania population repeated over replicate years (Figure 3-1 A-
D, Table S3-2). Although these traits are known to vary as a function of latitude (Schmidt 
and Paaby 2008), the magnitude of trait change across seasons is much greater than the 
geographical differences across this spatial scale (4ºLat).  
 
Genetic variance/covariance  
The estimated variance-covariance matrices significantly differed between the 
spring and fall of the collections and across all years. These seasonal changes in the 
variance-covariance matrices demonstrate that strong selection on this timescale affects 
genetic correlations; this alters the basic assumption of stable covariance over time when 
making phenotypic evolutionary predictions. 
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Functional alleles that oscillate across seasonal time 
 Genome-wide association (GWAS) identified tens of SNPs that were significantly 
associated with heat knockdown, chill recovery and starvation resistance in a sex-
dependent manner (Figure 3-2, Table S3-2). None of the loci that affect chill or starvation 
overlapped with SNPs affecting those same traits in the North Carolina produced 
Drosophila Genetics Reference Panel (DGRP) (Mackay et al. 2012); many of the SNPs 
that were significant in the DGRP were fixed in our Pennsylvania population (Table S3-
2). This indicates that there are many molecular mechanisms that can have similar 
adaptive effects on these complex, polygenic traits and that the genetic composition of 
the population contributes to the loci that undergo selection. 
 There were fewer SNPs associated with thermal stress (heat and chill) than 
starvation resistance. The thermal SNPs tended to have a more consistent and moderate 
effect on the traits while starvation resistance had many SNPs with small effect and 
several with large effects (Figure 3-2). This suggests that the genetics underlying rapid 
phenotypic adaptation occurs with different effect sizes of the allelic variants. 
 None of the loci that had significant function in these traits were found to 
fluctuate in frequency as a function of seasonal time in the initial genomics screen of 
seasonally oscillating SNPs (Bergland et al. 2014). However, the loci we identified using 
the GWAS oscillate regularly across seasonal time; this demonstrates that functional 
phenotypic data complements genomic data to understand the complex process of 
adaptation in natural environments. 
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Epistatic interactions 
 To test the effect of epistasis on in these natural populations, we performed a 
genome-wide screen for pairwise epistatic interactions in the seasonal inbred lines. After 
filtering variants for local LD and minor allele frequency, we tested for interactions 
300,734 variants and 4.53x1010 possible pairwise tests for association. After a 
Bonferroni-corrected threshold of 1.1057x10-12 we observed 68, 66, and 17 interactions 
significant for chill, heat and starvation respectively; these involved 121, 128 and 32 loci 
at or near 68, 66, and 32 genes, respectively (Figure 3-3, Figure S3-2). The number of 
genes involved in non-additive interactions for heat and chill is approximately twice the 
number involved in aggressive interactions (Shorter et al. 2015). None of the specific 
interactions of loci overlapped between the traits measured, however, 45 genes 
overlapped between chill and heat, 11 between chill and starvation and 27 between chill 
and heat. This suggests that most of the interactions occur on a specific trait 
independently, but that genes that are involved in multiple processes may contribute to 
the genetic correlation across traits. 
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Figure 3-1. Rapid phenotypic evolution over seasonal time in natural populations of D. 
melanogaster. Mean +/- SE plotted across seasonal time. (A-D) Isofemale lines were 
established in the spring and fall from an orchard in Pennsylvania (purple triangle) over 
five consecutive years and life history traits were measured after a standardized 4 
generations in the laboratory to remove environmental effects. In two of the years, lines 
were also measured from Massachusetts (blue square) and Virginia (red square). (E-I) 
After all collections were compete, a temporal panel of spring and fall populations from 
Pennsylvania were simultaneously reconstructed using 40 isofemale lines from each 
collection. The spring populations were more stress resistant with longer starvation 
resistance (A&E), longer heat knockdown time (B&F), faster chill recovery time (C&G) 
and faster development time (D&H) at the cost of lower reproductive output (I). 
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Figure 3-2 Alleles associated with seasonal phenotypic evolution in natural populations 
of D. melanogaster. (A) Loci that are significantly associated (p< ) with chill recovery, 
starvation resistance and heat knockdown in Linvilla Orchards, Pennsylvania. Color 
indicates the sex with males in blue, females in red and pooled in black. The direction of 
the triangle indicates the direction of the effect of the spring allele at that locus on the 
trait mean and the size of the triangle scales with the size of the effect on the trait mean. 
(B) Seasonal allele frequencies of the functional alleles across seven years from Linvilla 
orchards.  
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Figure 3-3 Venn diagram of overlap of epistatic network of interactions interactions, loci 
and genes among chill coma recovery, heat knockdown and starvation resistance. 
   64 
SUPPLEMENT 
 
 
 
PRCP
SN
WD
SN
OW
TM
AXTM
IN
WDF2F5
WSF25
−6
−3
0
3
6
−
2.
5
0.
0
2.
5
5.
0
PC1 (30.2% explained var.)
PC
2 
(21
.
6%
 
ex
pl
a
in
e
d 
va
r.
)
Population
2011,summer
2011,winter
2012,summer
2012,winter
2013,summer
2013,winter
2014,summer
2014,winter
2015,summer
2015,winter
Figure S 3-1 Principal component analysis for abiotic environmental factors across 
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Table S 3-1 Collection dates of seasonal samples from Linvilla Orchards, 
Media, PA, George Hill Orchard, Lancaster, MA and Carter Mountain 
Orchard, Charlottlesville, VA. 
Year Month Date 
Population  
(Pennsylvania unless otherwise noted) 
2011 June 1 
 2011 July 31 
 2011 September 26 
 2011 November  9 
 
    2012 June 1 
 2012 July 19 
 2012 July 18 VA 
2012 July  31 MA 
2012 October 10 
 2012 October  12 VA 
2012 October  14 MA 
 
November 7,11 
 
    2013 May 13 
 2013 May 30 
 2013 September 6 
 2013 November  8 
 2013 December 
  
    2014 July 21 MA 
2014 June 26 
 2014 June 25 VA 
2014 September 9 
 2014 October 15 MA 
2014 October  17 
 2014 October 13 VA 
    2015 July 8 
 2015 October 23 
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Table S 3-2 Analysis of variances for seasonal changes in life history traits in natural populations of Drosophila melanogaster 
 
Heat 
 
 Chill  Starvation  Development 
 
df SS F-ratio Pr>Χ2  SS F-ratio Pr>Χ2  SS F-ratio Pr>Χ2  SS F-ratio Pr>Χ2 
(A) Natural Populations 
  
 
   
 
   
 
   Pennsylvania 
    
 
   
 
   
 
   Season 1 274131 330.99 ***  11921 20.16 ***  65727 155.22 ***  562824 1228.82 *** 
Year 4 447364 135.04 ***  200169 112.81 ***  68131 40.23 ***  227004 123.91 *** 
Sex 2 1526 0.92 
 
 612844 1036.17 ***  3892313 9192.28 ***  37396 81.65 *** 
Season:Year 4 48010 14.49 ***  48489 27.33 ***  73352 43.31 ***  47940 26.17 *** 
Season:Sex 1 7534 9.09 
 
 3577 6.05 ***  31163 73.59 ***  2 0.003 
 Year:Sex 4 9051 2.73 *  31721 17.88 ***  140054 82.69 ***  2342 1.28 
 Season:Year:Sex 4 12952 3.91 **  3444 1.94 
 
 39214 23.15 ***  4350 2.37 * 
     
 
   
 
   
 
   
Massachusetts 
    
 
   
 
   
 
   Season 1 83908 187.22 .  1568 5.48 *  283 0.79 
 
 55648 102.87 *** 
Year 1 457953 1021.83 ***  1250 4.37 *  265 0.74 
 
 20788 38.43 *** 
Sex 1 885 1.98 
 
 476355 1665.44 ***  973681 2705.70 ***  10768 9.95 *** 
Season:Year 
    
 38732 135.41 ***  25346 70.43 ***  49073 90.71 *** 
Season:Sex 1 1114 2.49 
 
 32947 115.19 ***  1178 3.27 .  2608 4.82 . 
Year:Sex 1 8893 19.84 ***  20643 72.17 ***  109 0.30 
 
 581 1.07 
 Season:Year:Sex 
    
 12 0.044 
 
 990 2.75 .  21 0.039 
                  
Virginia 
    
 
   
 
   
 
   Season 1 29250 67.45 ***  1568 5.48 *  1568 5.48 *  46462 92.93 *** 
Year 1 305803 705.18 ***  1250 4.37 *  1250 4.37 *  2045 4.091 * 
Sex 1 797 1.84 
 
 476355 1665.44 ***  476355 1665.44 ***  10056 6.71 *** 
Season:Year 1 119956 276.62 ***  38732 135.41 ***  38732 135.41 ***  13485 26.97 *** 
Season:Sex 1 2476 5.711 **  32947 115.191 ***  32947 115.191 ***  20 0.04 
 Year:Sex 1 4309 9.94 **  20643 72.17 ***  20643 72.17 ***  273 0.55 
 Season:Year:Sex 1 13448 31.01 ***  12 0.044 
 
 12 0.044 
 
 269 0.54 
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(B) Reconstructed Pennsylvania Populations 
Season 1 62178 9.16 **  107994 11.71 ***  11921 20.06 ***  21772 182.99 *** 
Year 3 79005 3.88 **  148393 5.36 **  200169 112.29 ***  35194 98.60 *** 
Sex 1 6080 0.89 
 
 73578 7.98 **  612844 1031.35 ***  13309 37.29 *** 
Season:Year 3 15629 0.77 
 
 45817 1.66 
 
 48489 27.20 ***  37993 106.44 *** 
Season:Sex 1 13844 2.04 
 
 19710 2.14 
 
 3577 6.02 *  2 0.015 
 Year:Sex 3 1635 0.08 
 
 3092 0.11 
 
 31721 17.79 ***  346 0.97 
 Season:Year:Sex 3 10701 0.53 
 
 70080 2.53 .  3444 1.93 
 
 268 0.75 
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Table S 3-3 Variance-covariance matrices across seasonal time with significant in the 
MANOVA model indicated below 
Collection Heat & Chill 
Heat & 
Starv 
Heat & 
Dev 
Chill & 
Starv 
Chill & 
Dev 
Starv & 
Dev 
2011 Spring -950.404 66.673 -390.017 23.183 41.556 -9.407 
Fall 29.648 84.864 -17.781 -233.384 -83.754 6.181 
2012 Spring -171.02 -55.618 177.211 40.325 -31.532 -28.226 
Fall 187.51 -10.864 -239.212 -16.54 24.383 138.715 
2013 Spring -1414.405 -25.693 -201.982 -467.376 -447.279 -42.864 
Fall -1189.231 -91.253 -84.291 51.938 -208.726 12.299 
2014 Spring 280.458 -40.243 37.774 -6.88 20.839 7.731 
Fall -59.902 4.058 -2.206 -102.735 -91.089 -3.983 
2015 Spring 388.352 109.519 63.787 -103.093 13.056 -9.461 
Fall 199.149 275.062 242.213 -0.624 -41.325 -68.324 
Year *** *** *** 
 
*** * 
Season *** ** 
  
*** *** 
Year*Season *** *** *** *** ** *** 
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Table S 3-4 Environmental Principal component analysis for Linvilla Orchards, Media, PA from 
December 2010 – November 2015 
Importance of components: 
       
 
PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 
Standard 
deviation 1.648 1.393 1.248 0.978 0.883 0.863 0.471 0.215 0.197 
Proportion of 
Variance  0.302 0.216 0.173 0.106 0.087 0.083 0.025 0.005 0.004 
Cumulative 
Proportion  0.302 0.517 0.690 0.797 0.883 0.966 0.991 0.996 1.000 
          
 
PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 
PRCP 0.057 -0.140 -0.515 0.228 -0.071 0.808 -0.009 -0.041 -0.007 
SNWD 0.197 0.310 -0.016 0.445 -0.799 -0.167 -0.023 -0.002 -0.010 
SNOW 0.109 0.224 -0.281 0.680 0.558 -0.290 0.034 -0.002 -0.008 
TMAX -0.374 -0.512 -0.013 0.236 -0.116 -0.184 0.013 -0.684 -0.163 
TMIN -0.386 -0.498 -0.052 0.251 -0.122 -0.138 -0.029 0.688 0.171 
WDF2 0.356 -0.266 0.464 0.225 0.044 0.174 0.709 0.036 -0.017 
WDF5 0.353 -0.246 0.474 0.242 0.103 0.167 -0.702 -0.013 0.009 
WSF2 0.455 -0.306 -0.322 -0.165 -0.048 -0.250 0.008 -0.160 0.691 
WSF5 0.445 -0.315 -0.332 -0.179 -0.045 -0.249 -0.029 0.173 -0.683 
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Table S 3-5 Functional seasonal SNPs. P-value from the Genome Wide Association Study (GWAS) for seasonal inbred lines and 
the Drosophila Genetics Reference Panel (DGRP).  
  P-value (season) P-value (DGRP) 
            
	            
	chr:pos  Male    Female Pool Male Female 2009 2010 2011 2012 2013 2014 2015 
Chill           
      	2L:10178246 2.89-3 1.94-5 7.41-5 0.303 0.854 0.262/0.2 0.419/0.156 0.184/0.324 0.327/0.34 0.284/ 0.242/0.255 0.29/0.343 
2L:10453926 2.09-5 8.66-5 1.03-5 0.812 0.556 0.711/0.702 0.8/0.667 0.656/0.538 0.663/0.714 0.627/ 0.626/0.787 0.755/0.681 
2L:11371106 0.597 0.601 0.527 2.21-3 6.77-6 0.227/0.389 0.462/0.306 0.295/0.18 0.19/0.204 0.2/ 0.556/0.396 0.33/0.417 
2L:1153054 0.485 0.622 0.493 2.10-4 2.58-5 0.198/0.515 NA/0.417 0.384/0.409 0.245/0.364 0.525/ 0.385/0.475 0.595/0.439 
2L:12188579 0.996 0.597 0.783 4.71-3 2.24-6 0.195/0.139 0.2/0.22 0.25/0.122 0.175/0.158 0.173/ 0.133/0.123 0.192/0.28 
2L:1270266 3.35-5 1.66-3 7.89-5 0.987 0.652 0.26/0.096 0.615/0.325 0.292/0.189 0.197/0.148 0.319/ 0.1/0.253 0.172/0.092 
2L:12996252 0.127 0.427 0.198 4.02-5 1.49-4 0.339/0.286 NA/0.247 0.129/0.259 0.211/0.091 0.318/ 0.378/0.273 0.388/0.46 
2L:1368023 1.44-3 5.04-6 3.13-5 0.226 0.409 0.56/0.562 0.509/0.53 0.453/0.533 0.523/0.564 0.69/ 0.578/0.62 0.599/0.59 
2L:1441531 1.70-5 1.19-3 3.88-5 0.498 0.656 0.421/0.371 0.458/0.434 0.548/0.566 0.492/0.587 0.618/ 0.426/0.446 0.514/0.484 
2L:17976994 0.157 0.302 0.188 4.93-5 2.48-6 0.526/0.476 NA/0.354 0.571/0.483 0.357/0.238 0.455/ 0.519/0.505 0.516/0.774 
2L:17979751 0.117 0.29 0.163 1.11-4 1.64-6 0.568/0.585 0.605/0.373 0.623/0.477 0.491/0.417 0.435/ 0.464/0.505 0.478/0.556 
2L:17980009 0.147 0.161 0.126 1.67-5 7.66-7 0.164/0.087 NA/0.186 0.149/0.261 0.298/0.276 0.198/ 0.218/0.221 0.302/0.135 
2L:17980024 0.231 0.238 0.202 6.24-5 4.85-6 0.194/0.103 NA/0.167 0.233/0.243 0.271/0.302 0.238/ 0.2/0.241 0.339/0.129 
2L:17980099 0.142 0.291 0.174 1.57-5 6.36-7 0.585/0.598 NA/0.437 0.48/0.585 0.481/0.429 0.403/ 0.385/0.563 0.46/0.636 
2L:18008700 0.915 0.935 0.999 2.35-4 1.01-5 0.672/0.563 0.5/0.449 0.62/0.662 0.509/0.717 0.625/ 0.615/0.506 0.484/0.473 
2L:18012454 0.371 0.625 0.459 1.93-4 1.95-5 0.767/0.761 NA/0.722 0.694/0.731 0.679/0.615 0.75/ 0.507/0.678 0.595/0.746 
2L:19732070 0.508 0.585 0.527 2.96-5 4.02-4 0.551/0.477 0.537/0.662 0.608/0.575 0.641/0.667 0.61/ 0.54/0.642 0.505/0.582 
2L:19732103 0.533 0.559 0.519 3.81-5 4.29-4 0.529/0.429 0.415/0.554 0.588/0.581 0.679/0.623 0.563/ 0.547/0.639 0.567/0.546 
2L:20993743 3.57-4 2.07-5 2.59-5 7.56-2 0.318 0.433/0.483 NA/0.484 0.52/0.377 0.357/0.479 0.396/ 0.299/0.425 0.47/0.551 
2L:20993767 5.02-4 3.51-5 4.27-5 5.95-2 0.211 0.43/0.49 NA/0.46 0.5/0.485 0.362/0.395 0.4/ 0.279/0.412 0.479/0.516 
2L:2348394 4.05-5 1.39-2 3.552 0.292 0.328 0.598/0.776 0.787/0.826 0.721/0.85 0.814/0.75 0.701/ 0.835/0.652 0.752/0.823 
2L:2348401 2.58-5 4.09-2 7.35-4 0.679 0.413 0.713/0.843 0.782/0.837 0.731/0.907 0.88/0.82 0.819/ 0.885/0.724 0.822/0.906 
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2L:2736573 0.869 0.783 0.769 1.26-4 6.11-6 0.338/0.292 0.28/0.295 0.208/0.238 0.19/0.092 0.141/ 0.135/0.278 0.174/0.202 
2L:2738000 0.857 0.592 0.668 2.06-4 4.46-6 0.243/0.263 0.167/0.249 0.236/0.241 0.25/0.059 0.172/ 0.253/0.171 0.202/0.314 
2L:2738232 0.768 0.869 0.845 3.83-4 9.66-7 0.326/0.279 NA/0.246 0.271/0.236 0.288/0.14 0.207/ 0.256/0.204 0.186/0.353 
2L:2738720 0.136 0.734 0.561 2.99-3 3.93-5 0.404/0.394 0.263/0.32 0.14/0.367 0.324/0.145 0.194/ 0.284/0.308 0.261/0.368 
2L:4014175 4.42-5 2.221 1.18-4 0.923 0.185 0.726/0.687 0.585/0.618 0.556/0.702 0.717/0.761 0.539/ 0.652/0.635 0.634/0.575 
2L:4591755 0.821 0.749 0.976 4.82-4 7.02-6 0.389/0.443 0.455/0.423 0.246/0.25 0.38/0.245 0.215/ 0.286/0.336 0.303/0.38 
2L:4591911 0.351 0.139 0.208 9.16-3 3.98-5 0.247/0.286 NA/0.191 0.204/0.113 0.13/0.15 0.113/ 0.161/0.17 0.128/0.287 
2L:4708409 0.718 0.808 0.777 6.61-4 4.04-5 0.278/0.279 0.091/0.314 0.286/0.388 0.239/0.179 0.3/ 0.309/0.356 0.363/0.308 
2L:4902119 3.24-6 2.52-2 1.92-4 0.195 0.178 0.384/0.607 NA/0.319 0.242/0.31 0.218/0.455 0.262/ 0.294/0.318 0.31/0.253 
2L:5062419 0.897 0.528 0.649 1.74-4 1.91-5 0.264/0.175 0.413/0.167 0.267/0.364 0.247/0.151 0.329/ 0.308/0.304 0.221/0.209 
2L:5759723 0.727 0.633 0.605 7.11-6 1.08-3 0.338/0.273 0.286/0.15 0.25/0.12 0.079/0.148 0.078/ 0.326/0.299 0.248/0.165 
2L:6420681 3.91-3 3.64-5 1.75-5 0.777 0.546 0.176/0.102 NA/0.262 0.103/0.265 0.114/0.296 0.154/ 0.161/0.281 0.269/0.138 
2L:6766206 9.59-5 3.54-5 1.07-5 0.247 8.06-2 0.614/0.662 NA/0.728 0.7/0.657 0.621/0.439 0.781/ 0.788/0.743 0.672/0.622 
2L:6766229 1.74-6 4.23-6 4.00-7 0.757 0.506 0.508/0.567 NA/0.701 0.588/0.65 0.508/0.447 0.504/ 0.638/0.683 0.641/0.548 
2L:6766242 5.58-7 2.68-6 1.56-7 0.861 0.565 0.528/0.589 NA/0.7 0.606/0.641 0.524/0.453 0.542/ 0.635/0.662 0.64/0.585 
2L:6766287 7.93-6 7.74-6 9.13-7 0.277 0.135 0.605/0.635 NA/0.75 0.638/0.573 0.589/0.578 0.69/ 0.617/0.713 0.665/0.591 
2L:6766365 1.32-4 3.28-4 4.68-5 0.350 0.162 0.717/0.667 NA/0.724 0.709/0.822 0.758/0.475 0.706/ 0.86/0.803 0.78/0.712 
2L:7550740 1.72-5 3.83-4 2.20-5 0.986 0.378 0.341/0.136 0.17/0.056 0.177/0.304 0.333/0.194 0.259/ 0.167/0.301 0.25/0.348 
2L:7550744 1.72-5 3.83-4 2.20-5 0.941 0.335 0.347/0.14 0.161/0.071 0.169/0.28 0.341/0.207 0.256/ 0.164/0.322 0.256/0.333 
2R:11525232 0.859 0.79 0.824 1.59-2 4.30-5 0.225/0.152 0.176/0.109 0.133/0.093 0.058/0.149 0.041/ 0.088/0.163 0.073/0.14 
2R:12034711 1.81-5 5.78-5 7.06-6 0.262 0.259 0.393/0.273 0.167/0.293 0.295/0.341 0.219/0.303 0.257/ 0.225/0.275 0.377/0.489 
2R:12173763 1.52-5 9.16-3 2.23-4 0.768 0.383 0.265/0.179 0.429/0.297 0.239/0.119 0.162/0.145 0.179/ 0.277/0.162 0.196/0.266 
2R:13612768 5.53-6 3.37-7 3.24-7 0.984 0.226 0.224/0.141 0.077/0.088 0.13/0.135 0.155/0.063 0.238/ 0.181/0.258 0.191/0.087 
2R:13612784 5.53-6 3.37-7 3.24-7 0.948 0.301 0.229/0.091 0.068/0.079 0.172/0.095 0.17/0.076 0.191/ 0.182/0.218 0.167/0.086 
2R:13614042 8.73-5 5.98-5 2.58-5 0.258 0.896 0.258/0.171 NA/0.119 0.25/0.114 0.143/0.14 0.227/ 0.141/0.206 0.171/0.167 
2R:13614577 5.83-5 3.30-5 1.42-5 0.14 0.439 0.207/0.145 0.147/0.095 0.211/0.141 0.216/0.207 0.213/ 0.213/0.182 0.2/0.164 
2R:13614706 8.94-5 8.14-5 3.09-5 0.366 0.914 0.274/0.14 0/0.145 0.182/0.148 0.158/0.195 0.272/ 0.191/0.228 0.213/0.176 
2R:13614740 3.48-5 4.28-5 1.24-5 0.228 0.836 0.263/0.14 0.064/0.116 0.197/0.127 0.142/0.209 0.23/ 0.172/0.237 0.202/0.145 
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2R:13614742 3.48-5 4.28-5 1.24-5 0.241 0.611 0.273/0.109 0.053/0.088 0.204/0.121 0.137/0.202 0.238/ 0.183/0.23 0.225/0.137 
2R:13615078 8.94-5 8.14-5 3.09-5 0.309 0.851 0.23/0.169 0.106/0.114 0.189/0.169 0.147/0.156 0.122/ 0.214/0.248 0.168/0.144 
2R:13632655 8.04-7 1.37-4 2.70-6 0.539 0.599 0.111/0.186 0.303/0.152 0.242/0.179 0.253/0.429 0.307/ 0.24/0.224 0.347/0.165 
2R:14296260 4.19-5 3.23-4 3.78-5 0.453 0.561 0.169/0.156 0.204/0.127 0.234/0.178 0.124/0.143 0.128/ 0.165/0.232 0.141/0.152 
2R:15383693 0.703 0.845 0.782 8.80-5 3.47-5 0.533/0.478 NA/0.503 0.3/0.403 0.4/0.417 0.354/ 0.31/0.442 0.298/0.24 
2R:15383711 0.742 0.903 0.833 9.04-5 2.48-5 0.484/0.463 NA/0.492 0.264/0.351 0.372/0.38 0.351/ 0.329/0.385 0.31/0.263 
2R:15383714 0.742 0.903 0.833 5.34-5 1.68-5 0.489/0.471 NA/0.496 0.267/0.342 0.357/0.352 0.31/ 0.31/0.402 0.3/0.255 
2R:16435552 0.387 0.415 0.392 5.59-4 3.76-5 0.453/0.333 0.411/0.4 0.279/0.61 0.5/0.23 0.559/ 0.315/0.503 0.557/0.599 
2R:16437440 0.106 6.75-2 6.34 8.31-5 1.84-5 0.134/0.035 NA/0.374 0.149/0.291 0.159/0.155 0.239/ 0.321/0.3 0.188/0.189 
2R:16614556 4.36-5 8.74-3 3.7-4 0.720 0.748 0.26/0.281 NA/0.316 0.319/0.341 0.389/0.233 0.274/ 0.241/0.327 0.335/0.398 
2R:17957698 0.114 0.277 0.158 1.78-4 2.28-5 0.682/0.689 0.7/0.683 0.871/0.818 0.757/0.729 0.775/ 0.673/0.741 0.693/0.78 
2R:19223819 6.36-2 0.157 8.52-2 2.51-5 7.82-4 0.687/0.733 0.81/0.646 0.698/0.645 0.636/0.78 0.75/ 0.806/0.754 0.835/0.727 
2R:4337153 0.513 0.339 0.377 2.74-3 4.34-5 0.539/0.576 0.581/0.561 0.444/0.674 0.615/0.616 0.653/ 0.447/0.477 0.431/0.4 
2R:5221386 0.694 0.619 0.944 6.01-3 4.97-5 0.788/0.863 0.824/0.946 0.738/0.792 0.824/0.711 0.915/ 0.697/0.837 0.833/0.855 
2R:9524667 0.752 0.445 0.593 9.65-5 5.97-6 0.132/0.103 NA/0.193 0.179/0.247 0.156/0.098 0.245/ 0.211/0.195 0.148/0.108 
2R:9738357 0.279 0.476 0.316 2.54-3 2.94-5 0.208/0.16 0.298/0.41 0.327/0.377 0.313/0.273 0.388/ 0.269/0.306 0.269/0.285 
2R:9761338 2.15-6 1.51-5 1.44-6 0.527 0.52 0.673/0.828 NA/0.777 0.861/0.785 0.769/0.718 0.759/ 0.676/0.783 0.921/0.877 
2R:9761695 2.21-4 1.70-5 2.18-5 0.696 0.908 0.123/0.12 0.25/0.127 0.167/0.091 0.128/0.087 0.12/ 0.145/0.159 0.153/0.08 
2R:9767517 1.31-2 4.05-2 1.54-2 1.12-2 4.54-5 0.581/0.408 NA/0.514 0.654/0.549 0.531/0.688 0.52/ 0.66/0.611 0.602/0.418 
3L:10220599 4.16-2 4.66-5 9.60-4 0.887 0.579 0.155/0.051 0/0.065 0.168/0.134 0.225/0.125 0.092/ 0.134/0.155 0.117/0.139 
3L:12837421 4.85-3 7.74-2 1.31-2 2.13-5 1.41-4 0.177/0.236 0.18/0.267 0.129/0.071 0.179/0.167 0.102/ 0.122/0.143 0.165/0.106 
3L:12890223 0.932 0.838 0.888 2.81-5 1.96-5 0.199/0.354 0.271/0.19 0.226/0.216 0.26/0.219 0.156/ 0.234/0.312 0.268/0.22 
3L:16497999 2.23-5 5.91-4 3.94-5 0.113 0.259 0.318/0.259 NA/0.169 0.116/0.088 0.157/0.385 0.337/ 0.229/0.187 0.24/0.172 
3L:17209276 4.84-5 9.96-4 5.74-5 0.613 0.582 0.24/0.213 NA/0.19 0.253/0.18 0.328/0.283 0.316/ 0.395/0.174 0.31/0.328 
3L:17578617 3.39-5 6.84-3 219-4 0.238 0.227 0.268/0.234 0.304/0.417 0.464/0.304 0.374/0.561 0.475/ 0.309/0.488 0.455/0.385 
3L:18201985 1.43-4 8.59-5 3.23-5 0.726 0.102 0.18/0.118 0.29/0.263 0.129/0.087 0.082/0.161 0.183/ 0.088/0.203 0.105/0.207 
3L:1993203 5.89-3 1.74-5 1.49-4 0.602 0.479 0.382/0.284 0.348/0.338 0.375/0.244 0.34/0.4 0.295/ 0.299/0.186 0.305/0.351 
3L:23234150 0.249 2.74-2 6.78-2 3.29-6 3.11-5 0.203/0.044 0.095/0.084 0.189/0.107 0.111/0.03 0.057/ 0.03/0.122 0.063/0.178 
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3L:23237512 0.209 3.52-2 6.66-2 1.63-6 1.81-5 0.219/0.075 0.086/0.05 0.08/0.105 0.083/0.068 0.132/ 0.117/0.085 0.069/0.262 
3L:23243874 0.185 2.72-2 5.42-2 2.66-6 2.27-5 0.186/0.146 0.214/0.121 0.207/0.174 0.131/0.035 0.067/ 0.184/0.13 0.047/0.209 
3L:23244072 0.135 2.19-2 3.88-2 3.69-5 2.63-4 0.18/0.12 0.044/0.076 0.125/0.111 0.118/0.099 0.096/ 0.132/0.078 0.063/0.156 
3L:23246094 9.84-2 5.03-2 5.18-2 8.83-6 5.52-5 0.17/0.11 0.226/0.109 0.102/0.162 0.18/0.053 0.056/ 0.121/0.067 0.03/0.248 
3L:2389488 9.34-3 2.11-5 2.25-4 5.77-2 2.14-2 0.278/0.238 0.188/0.429 0.346/0.294 0.275/0.203 0.275/ 0.28/0.307 0.333/0.338 
3L:3533304 5.14-2 3.29-2 2.59-2 1.12-6 2.70-5 0.439/0.253 0.384/0.256 0.393/0.577 0.472/0.254 0.415/ 0.247/0.493 0.302/0.342 
3L:4025686 2.61-3 5.43-6 6.03-5 0.982 0.827 0.174/0.271 0.078/0.348 0.259/0.316 0.268/0.148 0.248/ 0.297/0.35 0.228/0.292 
3L:4226825 4.24-6 5.45-4 1.18-5 0.559 0.653 0.706/0.635 NA/0.701 0.671/0.817 0.74/0.857 0.653/ 0.761/0.654 0.878/0.718 
3L:6735834 0.693 0.767 0.733 1.21-3 4.11-5 0.541/0.474 NA/0.531 0.604/0.576 0.516/0.439 0.778/ 0.45/0.536 0.579/0.571 
3L:8697371 5.13-5 1.42-4 2.50-5 7.58-2 0.233 0.067/0.209 0.104/0.078 0.164/0.09 0.163/0.174 0.086/ 0.114/0.262 0.185/0.181 
3L:8771153 9.56-2 5.80-2 5.46-2 1.50-5 1.38-5 0.474/0.291 0.648/0.59 0.289/0.531 0.419/0.532 0.594/ 0.649/0.561 0.568/0.568 
3R:14081436 4.07-3 4.92-5 2.32-3 2.07-3 8.44-3 0.44/0.483 0.5/0.479 0.449/0.3 0.479/0.333 0.528/ 0.304/0.489 0.425/0.459 
3R:15151138 0.911 0.189 0.552 6.32-5 8.97-6 0.842/0.864 0.933/0.914 0.79/0.862 0.833/0.875 0.954/ 0.897/0.797 0.726/0.894 
3R:15151139 0.911 0.189 0.552 3.53-5 2.44-6 0.844/0.852 0.933/0.913 0.793/0.862 0.836/0.875 0.954/ 0.893/0.805 0.712/0.898 
3R:15151177 0.777 0.156 0.587 1.11-4 1.37-5 0.888/0.889 0.955/0.92 0.845/0.875 0.832/0.873 0.942/ 0.885/0.858 0.76/0.903 
3R:15914574 0.786 0.492 0.812 4.15-5 1.45-4 0.148/0.264 0.118/0.156 0.189/0.231 0.212/0.102 0.204/ 0.196/0.23 0.288/0.336 
3R:16668765 3.46-3 4.03-5 1.89-4 0.393 0.759 0.556/0.523 0.595/0.529 0.584/0.593 0.606/0.585 0.645/ 0.811/0.583 0.656/0.628 
3R:16668793 3.32-3 2.73-5 1.52-4 0.338 0.700 0.576/0.547 0.724/0.67 0.603/0.622 0.79/0.725 0.672/ 0.825/0.72 0.749/0.632 
3R:16668831 5.55-3 4.78-5 2.87-4 0.379 0.679 0.556/0.523 0.692/0.763 0.673/0.667 0.773/0.714 0.705/ 0.87/0.714 0.767/0.622 
3R:17109339 0.958 0.568 0.724 3.21-5 6.88-5 0.189/0.196 NA/0.121 0.101/0.299 0.167/0.125 0.122/ 0.141/0.196 0.196/0.124 
3R:17274694 9.08-3 4.09-3 3.30-3 3.88-3 3.51-5 0.616/0.482 0.476/0.628 0.479/0.632 0.603/0.633 0.611/ 0.66/0.477 0.785/0.623 
3R:17642413 1.23-5 3.59-4 1.60-5 0.603 0.229 0.12/0.086 0.119/0.156 0.058/0.143 0.115/0.031 0.19/ 0.084/0.08 0.13/0.121 
3R:18192318 3.55-2 0.379 0.115 6.68-6 2.21-6 0.272/0.235 NA/0.291 0.132/0.238 0.289/0.154 0.236/ 0.39/0.258 0.271/0.256 
3R:18435219 1.33-4 9.73-6 8.10-6 0.552 0.738 0.267/0.268 0.179/0.365 0.327/0.404 0.333/0.392 0.254/ 0.26/0.356 0.29/0.354 
3R:20839679 0.897 0.776 0.916 5.22-3 2.61-5 0.502/0.531 NA/0.537 0.44/0.409 0.435/0.378 0.446/ 0.532/0.54 0.555/0.587 
3R:5144752 5.19-2 0.714 0.219 3.49-6 1.62-5 0.306/0.189 0.091/0.216 0.129/0.229 0.265/0.321 0.118/ 0.172/0.186 0.168/0.287 
3R:5216909 2.19-5 0.238 3.58-3 0.283 0.352 0.143/0.171 0.127/0.055 0.131/0.207 0.135/0.169 0.038/ 0.053/0.053 0.066/0.049 
3R:7093401 0.725 0.329 0.486 2.71-4 1.97-5 0.818/0.75 NA/0.796 0.788/0.766 0.864/0.754 0.661/ 0.724/0.792 0.819/0.923 
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3R:8533363 4.38-3 8.19-6 1.09-4 0.693 0.471 0.387/0.324 NA/0.443 0.518/0.448 0.442/0.62 0.467/ 0.57/0.665 0.57/0.49 
3R:8551822 2.04-4 4.68-5 3.07-5 0.362 0.989 0.459/0.481 0.333/0.538 0.541/0.489 0.559/0.566 0.422/ 0.661/0.503 0.532/0.638 
3R:8551839 1.49-3 3.45-5 8.59-5 0.568 0.968 0.336/0.361 0.167/0.382 0.4/0.44 0.345/0.328 0.33/ 0.541/0.366 0.367/0.5 
3R:8613066 7.51-5 1.10-5 6.95-6 0.737 0.809 0.634/0.59 0.541/0.72 0.509/0.756 0.491/0.543 0.517/ 0.559/0.551 0.434/0.525 
3R:8613375 3.59-4 2.00-6 7.37-6 0.825 0.636 0.433/0.514 0.459/0.565 0.563/0.667 0.364/0.588 0.296/ 0.474/0.35 0.431/0.415 
3R:8615290 2.03-3 4.92-6 3.93-5 0.227 8.47-2 0.625/0.754 0.77/0.671 0.649/0.75 0.729/0.64 0.609/ 0.707/0.689 0.638/0.639 
3R:9058799 0.685 0.669 0.679 1.58-3 3.35-5 0.248/0.194 NA/0.306 0.265/0.329 0.217/0.375 0.2/ 0.259/0.293 0.229/0.295 
X:10080871 1.50-5 2.31-2 4.26-4 0.878 0.520 0.658/0.304 0.563/0.735 0.821/0.757 0.629/0.679 0.511/ 0.645/0.245 0.667/0.432 
X:10080874 1.50-5 2.31-2 4.26-4 0.704 0.576 0.7/0.44 0.6/0.719 0.889/0.75 0.686/0.731 0.51/ 0.733/0.255 0.691/0.447 
X:10080893 8.93-7 1.06-2 7.52-5 0.603 0.844 0.296/0.632 NA/0.226 0.214/0.206 0.189/0.328 0.429/ 0.281/0.667 0.31/0.462 
X:10904572 0.934 0.661 0.819 9.85-3 5.00-5 0.231/0.267 0/0.128 0.212/0.139 0.333/0.207 0.108/ 0.357/0.113 0.233/0.176 
X:10929698 4.31-3 1.06-5 1.14-4 0.461 0.541 0.154/0.258 0.5/0.172 0.5/0.095 0/0.026 0.225/ 0.25/0.189 0.128/0.159 
X:10929699 4.31-3 1.06-5 1.14-4 0.447 0.513 0.156/0.258 0.5/0.172 0.474/0.095 0/0.027 0.229/ 0.24/0.191 0.119/0.182 
X:10929705 4.31-3 1.06-5 1.14-4 0.525 0.558 0.152/0.258 NA/0.179 0.556/0.1 0/0.028 0.233/ 0.208/0.205 0.104/0.209 
X:12603552 1.68-5 5.00-3 1.22-4 0.413 0.757 0.064/0 NA/0.067 0/0 0/0.088 0/ 0.16/0.101 0.174/0.29 
X:12603553 2.04-5 5.77-3 1.45-4 0.381 0.738 0.064/0 NA/0.097 0.05/0 0/0.097 0/ 0.16/0.13 0.19/0.3 
X:12603563 1.60-5 3.06-3 7.45-5 0.221 0.479 0.242/0.071 NA/0.135 0.154/0.185 0.2/0.159 0.043/ 0.25/0.26 0.416/0.436 
X:12603566 1.60-5 3.06-3 7.45-5 0.158 0.399 0.243/0.071 NA/0.158 0.154/0.207 0.188/0.149 0.042/ 0.257/0.228 0.402/0.465 
X:12675868 1.96-2 1.28-3 2.54-3 3.23-6 3.45-4 0.212/0.087 0.157/0.085 0.089/0.161 0.077/0.231 0.115/ 0.157/0.233 0.146/0.254 
X:12731601 4.46-5 9.55-3 3.18-4 0.948 0.815 0.273/0.368 0.519/0.438 0.586/0.333 0.321/0.271 0.482/ 0.509/0.385 0.372/0.455 
X:13678808 4.13-6 6.36-3 1.07-4 0.927 0.512 0.235/0.3 0/0.091 0.143/0.25 0.191/0.25 0.15/ 0.32/0.179 0.241/0.111 
X:13715064 2.65-3 4.64-5 1.58-4 0.186 8.31-2 0.722/0.55 0.469/0.538 0.719/0.706 0.5/0.37 0.709/ 0.5/0.56 0.656/0.522 
X:14187434 3.19-5 9.02-3 2.55-4 4.02-2 0.242 0.035/0.318 0.242/0.132 0.375/0.125 0.526/0.214 0.316/ 0.275/0.359 0.362/0.25 
X:16140338 0.967 0.458 0.707 2.26-4 2.71-5 0.168/0.25 0.35/0.387 0.267/0.13 0.111/0.194 0.265/ 0.167/0.255 0.347/0.429 
X:16140339 0.967 0.458 0.707 3.73-4 4.50-5 0.152/0.25 0.333/0.414 0.267/0.13 0.111/0.206 0.26/ 0.176/0.239 0.372/0.424 
X:18394766 0.140 0.627 0.306 8.77-7 4.44-7 0.193/0.267 NA/0.344 0.364/0.269 0.256/0.188 0.086/ 0.326/0.2 0.363/0.19 
X:18394812 0.658 0.788 0.732 2.19-5 1.29-5 0.341/0.343 NA/0.448 0.552/0.433 0.229/0.408 0.116/ 0.417/0.387 0.422/0.188 
X:19733115 0.104 9.04-2 7.46-2 1.39-3 4.86-5 0.205/0.333 0.091/0.157 0.149/0.175 0.163/0.302 0.14/ 0.125/0.239 0.095/0.277 
   75 
X:2441020 2.04-5 1.86-2 3.56-4 0.296 0.164 0.443/0.438 0.392/0.478 0.542/0.367 0.538/0.314 0.305/ 0.271/0.405 0.349/0.333 
X:3025792 0.686 0.752 0.703 3.87-5 1.38-3 0.613/0.667 NA/0.586 0.304/0.632 0.375/0.488 0.519/ 0.789/0.326 0.486/0.464 
X:3215050 0.547 0.295 0.367 2.99-5 6.51-5 0.281/0.31 0.25/0.297 0.25/0.364 0.13/0.22 0.576/ 0.133/0.273 0.217/0.375 
X:4296354 6.49-4 3.13-5 4.56-5 6.80-2 0.549 0.441/0.139 NA/0.235 0.189/0.308 0.4/0.169 0.25/ 0.421/0.191 0.292/0.294 
X:5678481 9.34-3 1.05-5 1.64-4 0.168 0.186 0.262/0.176 NA/0.156 0.295/0.339 0.31/0.296 0.208/ 0.313/0.262 0.24/0.35 
X:5678496 9.34-3 1.05-5 1.64-4 0.153 0.178 0.265/0.207 NA/0.234 0.302/0.255 0.31/0.3 0.217/ 0.143/0.266 0.242/0.317 
X:5678508 9.34-3 1.05-5 1.64-4 0.347 0.451 0.236/0.192 NA/0.227 0.28/0.26 0.333/0.294 0.196/ 0.077/0.268 0.213/0.25 
X:5678527 1.38-2 4.27-7 7.89-5 0.405 0.469 0.268/0.286 NA/0.17 0.309/0.275 0.4/0.388 0.255/ 0.167/0.269 0.27/0.236 
X:5678530 1.64-2 5.15-7 9.78-5 0.409 0.553 0.261/0.273 NA/0.167 0.309/0.255 0.385/0.38 0.231/ 0.2/0.27 0.31/0.25 
X:5678537 2.15-2 1.15-6 1.71-4 0.309 0.391 0.251/0.231 NA/0.175 0.327/0.28 0.385/0.367 0.238/ 0.4/0.297 0.357/0.222 
X:7545557 0.236 0.838 0.465 3.67-5 1.18-3 0.611/0.938 0.8/0.852 0.885/0.895 0.658/0.881 0.922/ 0.796/0.89 0.788/0.826 
X:8192044 9.05-4 3.52-5 7.36-5 0.763 0.576 0.386/0.25 NA/0.19 0.195/0.286 0.276/0.386 0.377/ 0.556/0.265 0.41/0.345 
X:8700376 2.95-5 3.66-3 1.30-4 0.808 0.557 0.231/0.308 0.1/0.188 0.08/0.263 0.206/0.204 0.031/ 0.169/0.078 0.17/0.326 
X:9162427 4.30-3 4.99-6 1.14-4 0.425 0.165 0.04/0.1 NA/0.273 0.024/0.087 0.042/0.111 0.077/ 0.138/0.15 0.121/0.111 
X:9164580 2.48-4 2.07-6 1.03-5 0.940 0.799 0.199/0.269 NA/0.237 0.194/0.219 0.103/0.34 0.061/ 0.288/0.133 0.18/0.131 
X:9231853 4.73-3 3.47-5 2.18-4 0.987 0.730 0.261/0.324 NA/0.1 0.355/0.354 0.233/0.179 0.25/ 0.326/0.446 0.336/0.424 
Starvation                  
2L:12096793 0.477 0.567 0.996 1.55-5 3.89-3 0.43/0.347 0.333/0.366 0.478/0.354 0.435/0.483 0.246/ 0.429/0.431 0.368/0.397 
2L:13758431 7.66-2 1.41-6 8.41-3 0.399 0.867 0.868/0.9 NA/0.702 0.817/0.81 0.8/0.821 0.716/ 0.757/0.759 0.785/0.747 
2L:14459872 2.85-3 4.84-3 4.66-5 0.249 0.334 0.346/0.297 0.303/0.211 0.221/0.242 0.355/0.325 0.284/ 0.261/0.283 0.275/0.527 
2L:1463917 0.24 0.943 0.467 3.74-5 0.068 0.617/0.61 0.471/0.6 0.635/0.467 0.543/0.395 0.648/ 0.525/0.519 0.547/0.579 
2L:15173290 0.380 0.329 0.211 3.34-5 3.32-4 0.205/0.196 0.411/0.236 0.317/0.361 0.255/0.211 0.229/ 0.239/0.194 0.224/0.172 
2L:17050367 0.992 3.18-6 2.12-4 0.291 0.378 0.262/0.154 0.091/0.071 0.143/0.038 0.083/0.027 0.021/ 0.064/0.045 0.082/0.04 
2L:18993889 0.220 5.35-5 3.74-5 0.305 0.586 0.101/0.097 NA/0.111 0.241/0.165 0.178/0.048 0.146/ 0.141/0.175 0.189/0.061 
2L:19889009 9.49-2 0.756 0.436 2.71-4 2.93-5 0.207/0.387 0.118/0.25 0.179/0.293 0.212/0.118 0.46/ 0.236/0.234 0.345/0.361 
2L:19895952 0.875 0.286 0.542 2.35-4 2.20-5 0.183/0.174 0.25/0.2 0.239/0.328 0.344/0.354 0.17/ 0.275/0.142 0.285/0.225 
2L:19896808 0.598 0.847 0.832 1.79-5 3.15-5 0.379/0.474 0.481/0.382 0.633/0.393 0.442/0.607 0.427/ 0.39/0.444 0.455/0.363 
2L:19896822 0.835 0.878 0.771 1.93-5 5.83-5 0.38/0.446 0.5/0.42 0.587/0.316 0.423/0.608 0.474/ 0.358/0.429 0.445/0.364 
   76 
2L:20145355 0.283 8.74-2 4.09-2 3.80-5 1.71-4 0.035/0.155 0.1/0.099 0.171/0.2 0.156/0.246 0.102/ 0.186/0.155 0.219/0.137 
2L:20147661 1.16-2 1.98-3 2.47-5 0.179 0.926 0.158/0.182 0.308/0.286 0.169/0.08 0.19/0.182 0.176/ 0.067/0.181 0.085/0.085 
2L:21907066 6.28-6 6.07-2 0.255 0.838 0.620 0.815/0.726 NA/0.739 0.714/0.557 0.786/0.688 0.557/ 0.735/0.699 0.725/0.664 
2L:22125105 0.717 0.353 0.324 4.96-5 1.18-2 0.654/0.6 0.5/0.407 0.547/0.513 0.651/0.488 0.574/ 0.569/0.557 0.556/0.641 
2L:4366016 3.93-5 0.781 1.16-2 4.36-2 0.989 0.705/0.7 0.625/0.574 0.671/0.484 0.472/0.727 0.654/ 0.718/0.679 0.737/0.6 
2R:10348388 0.233 1.13-6 1.60-3 0.962 0.080 0.09/0.09 0.07/0.126 0.071/0.116 0.131/0.063 0.157/ 0.118/0.227 0.163/0.073 
2R:1329678 0.824 0.145 0.291 2.02-5 3.54-3 0.213/0.287 0.264/0.186 0.188/0.42 0.143/0.16 0.194/ 0.2/0.267 0.358/0.318 
2R:14569529 0.178 3.19-5 3.19-5 0.638 0.947 0.388/0.359 NA/0.608 0.357/0.371 0.458/0.451 0.289/ 0.372/0.407 0.447/0.388 
2R:15058450 0.527 2.31-5 1.36-4 4.47-2 0.164 0.404/0.333 NA/0.442 0.424/0.389 0.355/0.465 0.323/ 0.415/0.387 0.553/0.523 
2R:15933799 0.204 2.75-5 1.44-2 0.718 0.293 0.807/0.773 0.767/0.824 0.804/0.791 0.783/0.868 0.722/ 0.821/0.773 0.728/0.881 
2R:16874638 0.339 0.859 0.478 2.23-5 2.13-3 0.635/0.536 NA/0.387 0.586/0.466 0.577/0.444 0.432/ 0.582/0.385 0.544/0.35 
2R:17420142 0.033 1.81-3 4.72-5 0.596 0.627 0.439/0.533 0.45/0.262 0.297/0.522 0.455/0.464 0.305/ 0.333/0.307 0.315/0.292 
2R:17580674 0.665 3.26-5 3.42-4 0.805 0.212 0.172/0.15 NA/0.225 0.138/0.168 0.194/0.314 0.25/ 0.216/0.189 0.25/0.147 
2R:17648416 0.858 3.09-5 7.70-4 0.568 0.702 0.203/0.23 0.303/0.167 0.156/0.139 0.183/0.239 0.123/ 0.053/0.168 0.175/0.218 
2R:1810666 3.09-5 0.443 1.36-3 0.613 0.374 0.624/0.527 0.507/0.432 0.383/0.433 0.491/0.525 0.548/ 0.617/0.612 0.611/0.578 
2R:19110823 0.119 0.185 0.989 2.19-5 1.93-2 0.246/0.265 0.381/0.266 0.362/0.244 0.25/0.024 0.354/ 0.325/0.172 0.18/0.204 
2R:19262839 0.582 0.600 0.884 3.70-5 3.05-4 0.721/0.826 0.5/0.705 0.608/0.739 0.737/0.746 0.811/ 0.77/0.743 0.693/0.82 
2R:19262857 0.615 0.573 0.838 4.87-5 8.41-4 0.701/0.738 0.467/0.716 0.642/0.719 0.704/0.75 0.813/ 0.769/0.762 0.694/0.791 
2R:19262976 0.758 0.146 0.358 3.19-5 2.51-3 0.697/0.778 0.64/0.613 0.675/0.722 0.699/0.705 0.813/ 0.707/0.764 0.594/0.726 
2R:19566022 0.252 1.66-5 9.04-3 0.895 0.935 0.033/0.183 NA/0.091 0.108/0.085 0.111/0.062 0.093/ 0.022/0.038 0.06/0.037 
2R:19573833 4.42-2 6.61-4 4.54-5 2.29-2 4.45-2 0.436/0.415 0.603/0.402 0.468/0.492 0.526/0.569 0.41/ 0.542/0.455 0.342/0.385 
2R:19972748 0.438 0.997 0.607 6.81-3 8.81-6 0.229/0.257 0.212/0.191 0.173/0.138 0.262/0.253 0.2/ 0.176/0.31 0.212/0.188 
2R:19983960 0.483 0.138 8.54-2 1.18-3 3.23-6 0.111/0.317 NA/0.221 0.376/0.302 0.284/0.371 0.304/ 0.343/0.319 0.308/0.204 
2R:4236880 0.203 0.290 0.991 3.13-2 3.13-5 0.333/0.349 0.391/0.478 0.389/0.389 0.357/0.279 0.34/ 0.413/0.44 0.394/0.475 
2R:4566853 1.44-5 0.948 7.59-3 0.516 0.506 0.455/0.295 0.25/0.329 0.389/0.27 0.398/0.164 0.397/ 0.27/0.389 0.37/0.46 
2R:5117056 2.34-2 3.24-5 0.103 0.273 0.97 0.135/0.157 0.3/0.299 0.292/0.194 0.25/0.232 0.127/ 0.146/0.323 0.212/0.116 
2R:5135090 4.91-2 4.73-5 3.65-2 0.169 0.277 0.194/0.119 NA/0.19 0.273/0.224 0.266/0.273 0.089/ 0.15/0.239 0.218/0.171 
2R:5135097 4.91-2 4.73-5 3.65-2 0.280 0.282 0.194/0.123 NA/0.194 0.314/0.313 0.259/0.326 0.154/ 0.167/0.247 0.264/0.263 
   77 
2R:6746057 4.69-2 0.685 0.377 4.06-5 1.13-3 0.212/0.26 0.275/0.225 0.214/0.268 0.265/0.19 0.207/ 0.178/0.245 0.279/0.198 
2R:7219832 0.473 0.706 0.819 2.80-4 4.11-5 0.39/0.302 0.512/0.323 0.342/0.344 0.422/0.315 0.296/ 0.381/0.26 0.296/0.277 
2R:7759701 6.94-3 1.63-3 2.60-5 0.855 0.706 0.413/0.329 0.4/0.426 0.587/0.389 0.366/0.566 0.394/ 0.386/0.364 0.372/0.438 
2R:7760037 1.26-3 1.31-2 4.69-5 0.716 0.592 0.413/0.338 0.154/0.458 0.52/0.423 0.306/0.558 0.449/ 0.277/0.312 0.362/0.457 
2R:844064 9.43-6 0.415 1.94-3 6.21-2 0.191 0.531/0.564 0.469/0.442 0.611/0.683 0.596/0.75 0.678/ 0.593/0.62 0.644/0.582 
3L:11305410 0.327 3.82-5 4.57-3 0.761 0.837 0.143/0.113 0.057/0.14 0.053/0.204 0.217/0.296 0.098/ 0.17/0.227 0.133/0.164 
3L:12329861 8.15-3 1.45-3 1.11-5 0.502 0.704 0.234/0.129 0.171/0.215 0.116/0.019 0.214/0.159 0.13/ 0.268/0.153 0.181/0.152 
3L:12334649 2.31-3 2.87-3 1.30-5 4.19-2 0.259 0.161/0.117 0.286/0.419 0.097/0.133 0.095/0.172 0.165/ 0.132/0.096 0.131/0.114 
3L:13118924 1.82-2 2.18-3 4.41-5 1.01-2 0.270 0.517/0.538 0.643/0.426 0.509/0.44 0.604/0.66 0.636/ 0.63/0.508 0.571/0.675 
3L:14424355 0.419 1.68-6 2.95-5 0.681 0.662 0.167/0.25 0.163/0.141 0.132/0.235 0.184/0.159 0.219/ 0.195/0.214 0.17/0.052 
3L:15171675 0.592 0.526 0.437 2.06-2 3.82-5 0.131/0.125 NA/0.376 0.209/0.133 0.13/0.054 0.139/ 0.15/0.145 0.22/0.226 
3L:15573301 1.62-2 1.11-3 9.70-6 0.554 0.431 0.767/0.743 NA/0.794 0.806/0.8 0.733/0.855 0.9/ 0.712/0.819 0.751/0.785 
3L:16388169 0.418 0.599 0.400 1.80-4 7.62-6 0.581/0.692 NA/0.65 0.676/0.679 0.63/0.565 0.578/ 0.679/0.689 0.67/0.726 
3L:17239186 4.70-2 1.78-3 0.177 4.63-3 4.70-5 0.848/0.787 0.5/0.723 0.611/0.773 0.695/0.717 0.792/ 0.725/0.776 0.69/0.839 
3L:17275323 0.142 5.27-2 0.555 2.39-5 2.61-2 0.069/0.141 0.103/0.13 0.093/0.045 0.082/0.146 0.188/ 0.238/0.193 0.142/0.058 
3L:17275338 0.133 5.63-2 0.586 3.06-5 1.11-2 0.081/0.176 0.172/0.114 0.093/0.048 0.093/0.095 0.2/ 0.216/0.216 0.136/0.038 
3L:17275347 0.128 4.05-2 0.544 2.38-5 2.95-2 0.096/0.178 0.207/0.127 0.103/0.047 0.143/0.105 0.177/ 0.224/0.239 0.126/0.058 
3L:1844158 0.233 4.66-5 6.30-5 5.67-2 7.61-2 0.105/0.191 0.145/0.125 0.147/0.118 0.136/0.042 0.134/ 0.208/0.195 0.121/0.167 
3L:20901651 0.614 0.353 0.248 2.09-4 2.83-5 0.709/0.712 0.615/0.718 0.734/0.814 0.732/0.649 0.806/ 0.583/0.698 0.797/0.706 
3L:21968394 0.789 0.661 0.658 7.59-3 7.56-6 0.236/0.269 0.25/0.211 0.213/0.175 0.245/0.286 0.33/ 0.207/0.238 0.238/0.25 
3L:22428172 0.786 4.35-5 2.52-3 0.182 5.51-2 0.098/0.069 0.122/0.127 0.018/0.05 0.123/0.095 0.037/ 0.122/0.055 0.103/0.186 
3L:23118855 8.01-2 7.13-4 4.64-5 0.946 0.869 0.084/0.253 0.157/0.247 0.065/0.196 0.197/0.274 0.193/ 0.11/0.156 0.152/0.288 
3L:23169252 1.96-2 6.70-4 6.60-6 0.346 0.171 0.154/0.217 0.119/0.147 0.216/0.167 0.15/0.233 0.125/ 0.214/0.193 0.185/0.305 
3L:2412228 0.860 0.658 0.761 3.82-5 3.05-3 0.097/0.164 0.182/0.105 0.151/0.173 0.087/0.025 0.079/ 0.082/0.171 0.127/0.111 
3L:2960069 3.39-5 0.034 0.408 0.825 0.569 0.767/0.723 0.756/0.747 0.765/0.8 0.714/0.727 0.746/ 0.695/0.77 0.734/0.864 
3L:4328032 2.98-5 0.944 1.85-2 1.12-2 3.06-2 0.415/0.444 0.542/0.371 0.483/0.416 0.429/0.508 0.468/ 0.412/0.439 0.495/0.667 
3L:4328056 1.46-5 0.943 1.09-2 1.07-2 3.19-2 0.335/0.416 0.533/0.328 0.354/0.292 0.385/0.475 0.405/ 0.369/0.417 0.42/0.586 
3L:4328060 1.46-5 0.943 1.09-2 7.06-3 2.25-2 0.326/0.425 0.533/0.342 0.351/0.288 0.379/0.483 0.403/ 0.378/0.434 0.429/0.603 
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3L:4870685 0.858 0.822 0.882 1.59-5 3.04-5 0.217/0.309 0.333/0.26 0.354/0.364 0.265/0.161 0.255/ 0.266/0.223 0.206/0.2 
3L:5802965 4.25-2 8.36-4 4.72-5 0.618 0.352 0.619/0.42 NA/0.583 0.467/0.571 0.605/0.583 0.699/ 0.627/0.647 0.672/0.598 
3L:6279969 0.581 0.229 0.207 1.82-2 4.54-5 0.163/0.241 NA/0.337 0.228/0.296 0.306/0.333 0.269/ 0.28/0.246 0.283/0.202 
3L:7630115 0.281 0.205 0.635 1.80-2 6.56-6 0.333/0.272 0.234/0.12 0.224/0.295 0.143/0.31 0.098/ 0.224/0.164 0.203/0.205 
3L:7732289 3.63-2 2.17-5 5.71-2 3.41-2 0.119 0.335/0.217 0.292/0.239 0.283/0.296 0.203/0.317 0.292/ 0.215/0.199 0.208/0.286 
3R:10226161 3.29-5 0.389 8.06-2 0.461 0.134 0.161/0.123 0.2/0.202 0.202/0.236 0.124/0.211 0.264/ 0.163/0.274 0.2/0.137 
3R:10808986 0.511 0.342 0.639 1.36-3 1.36-5 0.303/0.25 0.214/0.358 0.205/0.313 0.352/0.186 0.421/ 0.293/0.295 0.32/0.248 
3R:10861741 7.81-2 6.75-7 6.18-3 0.487 0.367 0.034/0.129 0.197/0.118 0.071/0.111 0.07/0.245 0.151/ 0.063/0.099 0.166/0.067 
3R:12297388 0.273 7.54-2 0.439 3.78-2 4.37-5 0.052/0.167 0.065/0.07 0.074/0.078 0.088/0.063 0.02/ 0.21/0.113 0.065/0.116 
3R:13153951 0.829 0.781 0.997 5.17-2 3.40-5 0.335/0.378 0.226/0.376 0.345/0.309 0.342/0.208 0.303/ 0.212/0.26 0.249/0.152 
3R:13907412 3.31-2 0.301 3.33-2 2.75-3 9.96-6 0.179/0.253 0.143/0.296 0.167/0.317 0.203/0.074 0.244/ 0.338/0.336 0.251/0.333 
3R:13913071 0.633 0.679 0.982 1.06-2 3.05-6 0.543/0.465 0.667/0.602 0.653/0.523 0.542/0.478 0.514/ 0.663/0.597 0.6/0.621 
3R:14133358 9.79-2 1.27-4 3.09-5 0.316 0.655 0.582/0.557 0.417/0.575 0.483/0.517 0.52/0.317 0.521/ 0.547/0.273 0.565/0.59 
3R:14413040 0.155 0.489 0.724 6.46-2 4.58-5 0.351/0.221 NA/0.307 0.393/0.194 0.378/0.156 0.404/ 0.299/0.269 0.187/0.288 
3R:14486305 0.122 0.968 0.358 7.13-4 3.10-5 0.1/0.182 NA/0.053 0.141/0.159 0.106/0.053 0.113/ 0.067/0.09 0.072/0.011 
3R:14990668 0.211 1.02-5 1.15-2 0.25 0.873 0.035/0.083 0.037/0.055 0.117/0.053 0.1/0.071 0.183/ 0.126/0.213 0.046/0.04 
3R:15239064 0.782 4.50-5 6.54-4 0.197 0.353 0.093/0.072 NA/0.19 0.091/0.171 0.198/0.232 0.109/ 0.302/0.136 0.136/0.084 
3R:15768120 0.563 0.558 0.796 2.45-5 4.60-3 0.492/0.469 0.566/0.709 0.405/0.58 0.507/0.519 0.505/ 0.442/0.483 0.509/0.465 
3R:15787998 0.417 1.23-6 1.20-3 0.514 0.516 0.3/0.202 0.217/0.135 0.079/0.072 0.148/0.134 0.097/ 0.241/0.261 0.167/0.212 
3R:15788067 0.324 3.44-6 2.38-3 0.405 0.638 0.28/0.176 0.25/0.155 0.1/0.139 0.154/0.224 0.108/ 0.214/0.281 0.145/0.298 
3R:16272202 1.57-2 2.02-5 6.86-2 0.804 0.899 0.047/0.081 NA/0.079 0.102/0.16 0.091/0.125 0.076/ 0.077/0.143 0.054/0.088 
3R:16818403 3.50-2 0.135 0.905 4.76-5 7.68-2 0.107/0.176 NA/0.276 0.234/0.311 0.259/0.209 0.441/ 0.368/0.362 0.352/0.358 
3R:16932108 2.07-2 6.01-2 0.968 2.59-6 9.79-5 0.289/0.229 0.393/0.15 0.32/0.299 0.469/0.206 0.542/ 0.375/0.255 0.268/0.19 
3R:17234082 0.638 0.413 0.387 1.82-5 2.26-3 0.293/0.27 0.226/0.2 0.333/0.125 0.136/0.188 0.168/ 0.217/0.184 0.181/0.229 
3R:17707067 0.531 0.222 0.486 3.35-5 2.05-2 0.376/0.529 0.35/0.488 0.532/0.483 0.416/0.481 0.492/ 0.352/0.337 0.449/0.413 
3R:17740665 0.741 0.193 0.203 2.91-5 7.48-4 0.472/0.304 0.214/0.484 0.368/0.42 0.394/0.388 0.548/ 0.654/0.477 0.445/0.413 
3R:17747302 0.738 3.96-5 2.16-3 0.641 0.589 0.064/0.127 NA/0.115 0.134/0.202 0.172/0.083 0.219/ 0.2/0.153 0.096/0.12 
3R:18523232 0.497 0.601 0.939 8.62-6 5.87-2 0.185/0.17 NA/0.096 0.186/0.148 0.333/0.057 0.2/ 0.184/0.323 0.12/0.145 
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3R:18524225 0.713 0.495 0.815 1.06-6 3.52-6 0.416/0.377 0.583/0.245 0.414/0.333 0.375/0.45 0.358/ 0.345/0.375 0.421/0.248 
3R:18591109 0.565 0.861 0.572 4.25-4 3.55-5 0.534/0.667 NA/0.513 0.643/0.614 0.647/0.596 0.556/ 0.591/0.566 0.677/0.543 
3R:18785576 0.949 0.517 0.527 2.68-5 9.75-4 0.448/0.357 NA/0.476 0.442/0.27 0.4/0.457 0.49/ 0.418/0.525 0.432/0.376 
3R:18785578 0.574 0.145 0.364 3.03-5 1.39-3 0.463/0.423 NA/0.482 0.5/0.359 0.423/0.457 0.548/ 0.434/0.567 0.48/0.429 
3R:18826263 8.27-2 3.13-3 0.198 4.40-3 4.00-6 0.103/0.043 NA/0.036 0.059/0.065 0.092/0.07 0.053/ 0.057/0.181 0.036/0.069 
3R:18826348 0.294 2.78-2 9.80-2 4.77-3 1.06-5 0.068/0.07 NA/0.075 0.12/0.135 0.083/0.054 0.088/ 0.058/0.158 0.079/0.021 
3R:19097419 8.29-4 2.11-6 3.99-2 1.42-2 4.59-2 0.051/0.099 0.094/0.051 0.048/0.094 0.179/0.071 0.119/ 0.147/0.137 0.085/0.072 
3R:19315671 8.8-2 1.70-5 2.93-2 0.152 0.141 0.031/0.103 0.039/0.084 0.048/0.132 0.152/0.09 0.079/ 0.208/0.137 0.023/0.144 
3R:19739207 0.749 0.639 0.779 7.43-2 6.26-6 0.67/0.5 0.636/0.804 0.474/0.471 0.475/0.707 0.532/ 0.51/0.5 0.561/0.375 
3R:19757522 0.659 1.33-3 2.19-2 3.00-5 2.89-3 0.11/0.169 0.153/0.179 0.123/0.236 0.294/0.119 0.261/ 0.184/0.167 0.132/0.177 
3R:1984080 0.176 0.802 0.248 8.00-4 3.86-5 0.486/0.275 0.455/0.318 0.433/0.545 0.438/0.581 0.567/ 0.318/0.404 0.412/0.484 
3R:19914305 2.29-2 2.46-5 4.80-2 0.678 0.578 0.074/0.18 0.083/0.137 0.167/0.122 0.253/0.103 0.161/ 0.163/0.15 0.117/0.134 
3R:19922090 0.582 2.01-5 1.68-3 3.62-2 0.519 0.025/0.092 0.02/0.016 0.216/0.033 0.092/0.148 0.034/ 0.07/0.179 0.058/0.13 
3R:19962361 0.214 1.05-5 7.67-3 4.27-2 6.89-2 0.062/0.111 0.114/0.053 0.079/0.158 0.157/0.07 0.139/ 0.095/0.121 0.126/0.167 
3R:19995802 0.470 7.71-2 0.279 9.55-7 3.03-3 0.051/0.1 NA/0.126 0.109/0.208 0.22/0.141 0.125/ 0.15/0.215 0.106/0.113 
3R:20011165 0.365 0.536 0.178 3.14-4 1.90-5 0.105/0.172 0.239/0.171 0.237/0.063 0.221/0.383 0.261/ 0.226/0.124 0.179/0.241 
3R:20011166 0.169 0.653 0.136 3.38-4 1.39-5 0.105/0.169 0.255/0.171 0.243/0.121 0.213/0.373 0.275/ 0.24/0.127 0.216/0.262 
3R:20076669 0.822 3.66-5 1.41-3 0.132 0.168 0.038/0.08 NA/0.03 0.06/0.081 0.072/0.077 0.075/ 0.205/0.14 0.077/0.07 
3R:20344498 5.82-2 2.51-6 1.32-2 0.552 0.259 0.114/0.109 NA/0.049 0.108/0.125 0.14/0.086 0.111/ 0.151/0.153 0.068/0.044 
3R:20344522 4.13-2 5.01-6 2.26-2 0.552 0.259 0.105/0.108 NA/0.054 0.116/0.087 0.137/0.075 0.133/ 0.102/0.163 0.05/0.059 
3R:20344548 4.22-2 5.89-6 2.41-2 0.502 0.211 0.09/0.133 NA/0.069 0.09/0.133 0.13/0.086 0.151/ 0.119/0.101 0.072/0.043 
3R:20344573 8.22-2 3.89-7 4.63-3 0.771 0.425 0.106/0.176 NA/0.063 0.07/0.153 0.183/0.037 0.139/ 0.115/0.143 0.079/0.07 
3R:20344921 0.195 5.43-6 5.83-3 0.636 0.973 0.113/0.097 0.059/0.131 0.133/0.072 0.044/0.069 0.024/ 0.227/0.123 0.088/0.091 
3R:20345313 6.01-2 3.16-7 5.30-3 0.762 0.711 0.855/0.947 0.964/0.892 0.879/0.888 0.875/1 0.917/ 0.921/0.89 0.939/0.915 
3R:20345414 5.44-2 3.16-7 6.18-3 0.769 0.477 0.846/0.78 NA/0.953 0.83/0.802 0.804/0.896 0.847/ 0.827/0.861 0.904/0.86 
3R:20387437 0.335 3.33-5 1.02-2 0.301 7.94-2 0.12/0.214 NA/0.125 0.088/0.059 0.131/0.117 0.164/ 0.125/0.136 0.112/0.097 
3R:20387467 0.867 2.76-5 1.50-3 0.171 0.123 0.15/0.174 NA/0.194 0.12/0.099 0.161/0.143 0.145/ 0.203/0.157 0.11/0.092 
3R:20425479 2.47-3 0.937 0.105 5.23-3 3.65-5 0.293/0.145 0.19/0.198 0.224/0.25 0.14/0.179 0.198/ 0.163/0.194 0.107/0.188 
   80 
3R:20553753 0.866 0.413 0.551 5.59-2 4.99-5 0.249/0.329 NA/0.241 0.435/0.289 0.242/0.237 0.253/ 0.353/0.273 0.286/0.313 
3R:20646974 0.724 4.84-6 6.54-4 0.327 0.58 0.026/0.143 0.1/0.065 0.123/0.18 0.081/0.128 0.108/ 0.025/0.112 0.03/0.049 
3R:20653625 0.972 2.28-5 8.89-4 0.567 0.684 0.933/0.618 0.727/0.872 0.8/0.683 0.849/0.754 0.822/ 0.75/0.669 0.852/0.825 
3R:20695731 0.264 1.15-6 2.67-3 5.46-3 0.134 0.031/0.088 NA/0.01 0.026/0.123 0.091/0.059 0.052/ 0.109/0.138 0.038/0.105 
3R:20695735 0.264 1.15-6 2.67-3 5.28-3 0.131 0.03/0.091 NA/0.01 0.026/0.122 0.107/0.049 0.048/ 0.108/0.161 0.033/0.1 
3R:20699174 0.756 0.163 0.345 6.66-4 2.57-5 0.642/0.479 NA/0.545 0.644/0.507 0.448/0.565 0.579/ 0.5/0.438 0.556/0.863 
3R:20741347 0.691 1.59-6 4.37-5 0.228 0.468 0.085/0.171 NA/0.102 0.135/0.148 0.138/0.2 0.185/ 0.186/0.142 0.155/0.173 
3R:20901280 0.537 5.57-3 6.01-2 1.21-5 1.00-2 0.592/0.553 0.615/0.644 0.42/0.474 0.481/0.437 0.586/ 0.44/0.37 0.445/0.563 
3R:21335253 0.399 3.79-5 6.87-3 0.139 0.497 0.135/0.269 0.289/0.231 0.161/0.263 0.173/0.229 0.333/ 0.104/0.112 0.101/0.105 
3R:21402283 0.361 0.195 0.737 2.31-3 4.63-5 0.203/0.099 0.145/0.107 0.141/0.196 0.239/0.141 0.222/ 0.218/0.199 0.192/0.239 
3R:21675912 0.860 0.889 0.939 2.59-2 3.69-5 0.18/0.088 0.098/0.288 0.222/0.158 0.219/0.164 0.338/ 0.144/0.219 0.121/0.223 
3R:21864441 1.36-3 8.59-3 4.58-5 0.576 0.286 0.064/0.077 0.012/0.107 0.313/0.132 0.195/0.136 0.141/ 0.029/0.13 0.095/0.023 
3R:22240246 0.679 2.80-5 3.89-4 4.60-2 0.554 0.065/0.138 NA/0.067 0.098/0.074 0.091/0.035 0.105/ 0.08/0.049 0.083/0.09 
3R:22678557 0.277 0.908 0.423 2.94-5 1.68-3 0.374/0.413 NA/0.187 0.347/0.274 0.318/0.298 0.363/ 0.313/0.234 0.25/0.205 
3R:22746594 0.741 4.33-2 6.71-2 6.04-2 7.36-6 0.136/0.2 0.196/0.125 0.302/0.075 0.247/0.167 0.19/ 0.108/0.225 0.064/0.086 
3R:22799758 0.969 0.343 0.446 4.84-4 1.58-5 0.309/0.382 NA/0.176 0.291/0.303 0.398/0.37 0.46/ 0.366/0.372 0.33/0.525 
3R:22800133 0.839 0.207 0.384 4.02-4 7.85-6 0.647/0.593 NA/0.728 0.548/0.638 0.597/0.636 0.613/ 0.541/0.441 0.588/0.51 
3R:22800205 0.769 0.389 0.628 3.42-4 1.19-5 0.691/0.642 NA/0.712 0.654/0.604 0.622/0.641 0.648/ 0.522/0.512 0.596/0.525 
3R:22832672 0.647 0.681 0.979 2.68-5 6.53-3 0.383/0.51 0.6/0.56 0.569/0.369 0.508/0.574 0.49/ 0.339/0.474 0.356/0.293 
3R:22832673 0.647 0.681 0.978 2.91-5 5.68-3 0.382/0.515 0.6/0.58 0.563/0.369 0.508/0.596 0.489/ 0.345/0.471 0.36/0.325 
3R:23131922 0.379 0.368 0.158 3.26-4 4.83-5 0.362/0.185 0.143/0.259 0.276/0.221 0.045/0.154 0.359/ 0.551/0.153 0.321/0.273 
3R:23182633 0.049 0.478 0.571 1.67-2 3.68-5 0.675/0.534 0.696/0.753 0.75/0.609 0.711/0.611 0.486/ 0.604/0.763 0.715/0.718 
3R:23388258 7.42-3 1.73-3 1.17-5 0.653 0.942 0.551/0.567 0.495/0.691 0.649/0.595 0.587/0.629 0.625/ 0.661/0.655 0.606/0.627 
3R:23614620 8.15-2 0.503 0.611 3.90-5 0.144 0.621/0.423 NA/0.316 0.373/0.327 0.543/0.263 0.554/ 0.489/0.617 0.609/0.567 
3R:23646763 0.809 2.83-2 0.109 6.44-6 3.43-3 0.248/0.326 0.3/0.171 0.421/0.162 0.208/0.385 0.526/ 0.528/0.447 0.321/0.303 
3R:23646766 0.809 2.83-2 0.109 1.20-5 7.91-3 0.257/0.357 0.25/0.2 0.421/0.135 0.217/0.4 0.548/ 0.547/0.443 0.33/0.295 
3R:23646768 0.809 2.83-2 0.109 4.85-6 2.92-3 0.257/0.361 0.294/0.182 0.421/0.15 0.208/0.37 0.568/ 0.537/0.452 0.335/0.298 
3R:23646776 0.743 3.39-2 0.133 8.12-6 3.27-3 0.245/0.288 0.24/0.171 0.444/0.154 0.208/0.333 0.566/ 0.554/0.446 0.347/0.282 
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3R:23646779 0.743 3.39-2 0.133 7.22-6 3.79-3 0.242/0.302 0.25/0.158 0.471/0.158 0.185/0.355 0.562/ 0.517/0.423 0.318/0.273 
3R:23723352 0.290 0.172 0.711 3.58-5 2.67-6 0.184/0.253 0/0.316 0.323/0.338 0.375/0.313 0.281/ 0.396/0.408 0.421/0.382 
3R:24817518 0.623 0.906 0.759 8.42-6 7.05-4 0.396/0.302 NA/0.241 0.22/0.177 0.348/0.346 0.317/ 0.494/0.285 0.305/0.301 
3R:24886672 0.817 0.154 0.249 2.53-5 4.43-2 0.177/0.138 NA/0.156 0.119/0.095 0.088/0.046 0.111/ 0.23/0.044 0.08/0.03 
3R:24886708 0.876 8.61-2 0.115 1.64-5 4.30-2 0.181/0.164 NA/0.198 0.143/0.103 0.046/0.032 0.045/ 0.217/0.084 0.075/0.037 
3R:24975470 0.459 0.398 0.878 2.61-3 1.89-5 0.243/0.242 NA/0.213 0.229/0.212 0.123/0.167 0.2/ 0.267/0.248 0.218/0.142 
3R:24989620 0.617 0.527 0.842 2.08-2 2.63-5 0.118/0.098 NA/0.063 0.073/0.198 0.147/0.125 0.141/ 0.206/0.206 0.133/0.152 
3R:25095199 0.332 0.837 0.464 3.25-5 4.59-3 0.335/0.178 0.24/0.246 0.35/0.241 0.289/0.333 0.228/ 0.327/0.19 0.217/0.338 
3R:25118665 0.423 0.217 0.124 1.64-5 1.19-5 0.23/0.167 0.054/0.234 0.241/0.304 0.161/0.096 0.32/ 0.297/0.214 0.248/0.296 
3R:26044352 0.874 0.934 0.953 4.50-5 3.87-3 0.72/0.769 0.737/0.821 0.757/0.837 0.767/0.841 0.686/ 0.797/0.83 0.696/0.741 
3R:26649885 8.57-2 0.994 0.296 2.92-5 6.13-4 0.555/0.486 0.627/0.441 0.459/0.606 0.5/0.353 0.433/ 0.454/0.477 0.5/0.362 
3R:26808495 0.291 0.992 0.499 1.69-5 2.37-2 0.307/0.288 NA/0.288 0.211/0.2 0.391/0.375 0.407/ 0.282/0.3 0.266/0.318 
3R:27235971 0.306 0.255 0.856 9.31-6 1.06-5 0.309/0.425 0.435/0.424 0.262/0.316 0.289/0.19 0.337/ 0.273/0.333 0.168/0.418 
3R:27235972 0.306 0.255 0.856 1.25-5 1.38-5 0.317/0.439 0.455/0.468 0.274/0.319 0.289/0.19 0.347/ 0.289/0.336 0.168/0.429 
3R:27235983 0.209 0.313 0.958 1.13-5 8.28-6 0.332/0.433 0.458/0.457 0.27/0.293 0.364/0.246 0.373/ 0.269/0.366 0.198/0.438 
3R:27236086 0.514 0.269 0.638 7.55-5 5.74-6 0.319/0.405 0.513/0.404 0.26/0.355 0.24/0.227 0.417/ 0.333/0.425 0.263/0.625 
3R:2928518 0.875 0.999 0.991 4.65-5 9.98-4 0.768/0.852 0.875/0.881 0.814/0.706 0.742/0.889 0.92/ 0.866/0.752 0.784/0.931 
3R:4402826 0.938 0.754 0.959 1.84-2 1.85-5 0.199/0.143 0.167/0.163 0.204/0.102 0.143/0.12 0.131/ 0.151/0.153 0.098/0.162 
3R:5192592 0.156 0.859 0.401 1.00-2 3.11-5 0.286/0.362 NA/0.331 0.328/0.264 0.195/0.231 0.226/ 0.313/0.282 0.325/0.246 
3R:5192668 0.123 0.955 0.272 3.82-3 6.59-6 0.268/0.25 NA/0.431 0.345/0.394 0.207/0.196 0.23/ 0.211/0.216 0.349/0.264 
3R:5192686 0.155 0.872 0.270 6.62-3 3.38-5 0.278/0.242 NA/0.442 0.346/0.39 0.215/0.173 0.222/ 0.19/0.19 0.313/0.266 
3R:5978317 0.758 0.374 0.305 1.20-5 3.29-3 0.584/0.527 0.538/0.415 0.357/0.5 0.51/0.39 0.587/ 0.636/0.464 0.543/0.5 
3R:5987974 0.286 2.54-5 9.82-3 2.73-2 1.61-3 0.132/0.276 NA/0.113 0.147/0.105 0.13/0.156 0.146/ 0.133/0.211 0.069/0.068 
3R:7376757 0.256 0.429 0.851 1.90-5 5.34-3 0.512/0.5 NA/0.444 0.627/0.6 0.573/0.471 0.49/ 0.436/0.5 0.466/0.656 
3R:8099021 0.955 0.867 0.845 3.48-5 4.17-4 0.84/0.627 0.597/0.67 0.615/0.529 0.61/0.6 0.746/ 0.623/0.687 0.667/0.664 
3R:9191868 0.119 5.64-6 0.010 0.844 0.589 0.31/0.25 0.076/0.086 0.185/0.053 0.177/0.183 0.107/ 0.188/0.158 0.218/0.207 
3R:9457476 0.563 0.291 0.294 1.05-5 6.72-2 0.285/0.333 NA/0.293 0.333/0.298 0.294/0.372 0.451/ 0.512/0.374 0.34/0.43 
3R:9610845 0.569 2.81-6 9.36-4 0.722 0.409 0.153/0.23 NA/0.206 0.181/0.11 0.179/0.138 0.128/ 0.146/0.213 0.354/0.168 
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3R:9639505 0.613 0.752 0.559 2.18-5 9.00-4 0.584/0.64 0.583/0.67 0.585/0.754 0.636/0.532 0.558/ 0.551/0.518 0.644/0.691 
3R:9639511 0.613 0.752 0.559 2.88-5 1.20-3 0.581/0.63 0.615/0.679 0.588/0.754 0.583/0.558 0.596/ 0.525/0.527 0.67/0.686 
3R:9833953 7.04-2 4.15-6 1.62-2 0.428 0.275 0.017/0.042 0.089/0.024 0/0.056 0.023/0.04 0.104/ 0.073/0.016 0.089/0.031 
3R:9946906 0.253 1.23-5 5.87-3 7.22-2 1.42-3 0.846/0.882 NA/0.931 0.836/0.857 0.907/0.955 0.841/ 0.915/0.848 0.9/0.895 
X:10115368 0.835 6.36-2 9.22-2 6.04-5 4.64-5 0.374/0.5 0.308/0.274 0.351/0.415 0.283/0.341 0.333/ 0.265/0.43 0.394/0.482 
X:11113533 0.312 5.05-2 1.65-2 3.05-2 2.91-5 0.506/0.484 0.4/0.324 0.4/0.455 0.379/0.371 0.403/ 0.611/0.479 0.54/0.382 
X:11840608 2.19-3 0.974 5.37-2 6.95-6 7.62-4 0.479/0.738 0.78/0.773 0.619/0.48 0.515/0.455 0.596/ 0.724/0.576 0.772/0.619 
X:12350276 2.35-2 8.90-4 3.66-5 0.869 0.572 0.169/0.29 0.203/0.119 0.091/0.167 0.136/0.095 0.157/ 0.311/0.345 0.183/0.173 
X:12350285 2.35-2 8.90-4 3.66-5 0.889 0.583 0.168/0.294 0.222/0.127 0.088/0.184 0.104/0.095 0.162/ 0.34/0.31 0.198/0.2 
X:12642374 3.13-4 0.014 3.50-5 0.114 7.42-2 0.092/0 0.2/0.25 0.381/0.182 0.073/0.207 0.153/ 0.077/0.077 0.143/0.542 
X:12959697 9.57-6 0.106 0.157 0.104 7.59-2 0.858/0.64 0.667/0.767 0.581/0.667 0.667/0.455 0.667/ 0.778/0.746 0.827/0.82 
X:13462002 0.186 4.13-5 1.63-2 0.152 0.634 0.546/0.538 0.474/0.7 0.591/0.875 0.649/0.881 0.88/ 0.769/0.643 0.637/0.533 
X:13462043 0.290 3.15-5 1.85-2 0.100 0.486 0.516/0.692 0.368/0.705 0.618/0.923 0.636/0.774 0.853/ 0.87/0.638 0.745/0.534 
X:15575570 3.49-5 0.136 1.62-4 0.825 0.559 0.231/0.323 0.13/0.208 0.269/0.172 0.25/0.4 0.26/ 0.281/0.194 0.25/0.345 
X:15575571 3.49-5 0.136 1.62-4 0.916 0.413 0.234/0.333 0.125/0.208 0.269/0.179 0.25/0.4 0.271/ 0.267/0.179 0.267/0.345 
X:16076617 1.69-2 3.74-5 6.19-2 0.406 0.878 0.853/0.792 0.905/0.595 0.667/0.75 0.786/0.791 0.974/ 0.848/0.871 0.871/0.841 
X:16076624 1.58-2 3.37-5 6.28-2 0.402 0.983 0.824/0.762 0.923/0.529 0.682/0.703 0.76/0.78 0.974/ 0.828/0.85 0.849/0.818 
X:16076625 1.58-2 3.37-5 6.28-2 0.427 0.963 0.824/0.762 0.923/0.514 0.652/0.703 0.76/0.758 0.974/ 0.833/0.85 0.831/0.821 
X:16076628 1.58-2 3.37-5 6.28-2 0.376 0.953 0.825/0.767 0.923/0.529 0.652/0.722 0.769/0.77 0.972/ 0.828/0.864 0.849/0.821 
X:16362211 4.00-3 0.856 7.68-2 1.44-5 4.84-2 0.298/0.29 NA/0.405 0.388/0.143 0.241/0.216 0.222/ 0.185/0.121 0.25/0.143 
X:18812727 1.98-2 1.94-4 1.45-6 0.562 0.652 0.148/0.043 0.5/0.417 0.071/NA 0/0.22 0.125/ 0.025/0.286 0.181/0.073 
X:19542157 1.73-2 2.34-3 3.39-5 0.984 0.259 0.483/0.667 NA/0.608 0.583/0.634 0.522/0.594 0.632/ 0.593/0.569 0.458/0.467 
X:20836542 0.879 2.07-2 7.32-2 1.35-3 3.31-5 0.397/0.205 0.25/0.222 0.086/0.15 0.273/0.232 0.352/ 0.207/0.158 0.338/0.184 
X:20836553 0.879 2.07-2 7.32-2 1.27-3 4.92-5 0.378/0.132 0.267/0.269 0.114/0.152 0.25/0.236 0.356/ 0.258/0.154 0.345/0.235 
X:21047188 0.367 1.54-5 9.87-5 0.107 0.252 0.325/0.567 0.32/0.167 0.1/0.043 0.171/0.107 0.064/ 0.167/0.364 0.136/0.216 
X:3293428 0.878 1.00-5 6.9-4 0.274 0.325 0.213/0.452 0.184/0.207 0.103/0.194 0.068/0.246 0.129/ 0.133/0.218 0.105/0.209 
X:3927236 4.66-5 0.608 2.17-3 6.11-4 1.29-2 0.738/0.371 NA/0.571 0.704/0.875 0.545/0.891 0.838/ 0.792/0.659 0.804/0.638 
X:4409845 0.91 8.68-6 1.83-4 0.211 0.572 0.413/0.18 NA/0.159 0.273/0.345 0.5/0.309 0.37/ 0.296/0.465 0.534/0.362 
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X:4409867 0.91 8.68-6 1.83-4 0.229 0.979 0.408/0.204 NA/0.219 0.289/0.325 0.417/0.216 0.357/ 0.214/0.275 0.46/0.292 
X:5332184 0.924 0.965 0.979 4.74-5 5.67-3 0.636/0.559 0.333/0.719 0.448/0.568 0.556/0.607 0.597/ 0.509/0.565 0.648/0.5 
X:5711109 2.96-2 5.61-4 2.34-5 0.101 0.418 0.253/0.448 0.5/0.275 0.156/0.182 0.28/0.25 0.4/ 0.172/0.271 0.357/0.296 
X:6452220 0.752 0.718 0.899 1.24-3 4.78-5 0.67/0.786 NA/0.776 0.841/0.778 0.781/0.813 0.709/ 0.742/0.848 0.779/0.763 
X:9220084 2.06-2 5.04-4 1.77-5 0.62 0.229 0.328/0.409 0.192/0.479 0.204/0.143 0.2/0.175 0.462/ 0.333/0.222 0.261/0.158 
Heat                  
2L:11221492 4.30-5 1.00-2 4.88-4   0.335/0.458 NA/0.482 0.538/0.433 0.564/0.636 0.543/ 0.541/0.585 0.72/0.583 
2L:19452777 2.87-5 2.88-3 1.58-4   0.208/0.218 NA/0.177 0.302/0.217 0.182/0.194 0.186/ 0.246/0.22 0.23/0.274 
2L:2846324 1.43-5 2.08-5 5.25-6   0.323/0.221 NA/0.14 0.284/0.235 0.194/0.256 0.182/ 0.197/0.25 0.204/0.134 
2L:9423708 4.67-5 1.23-4 3.16-5   0.294/0.321 NA/0.188 0.192/0.228 0.22/0.222 0.226/ 0.209/0.172 0.225/0.178 
2R:10066233 2.31-5 4.33-4 5.04-5   0.183/0.188 0.083/0.116 0.161/0.092 0.099/0.227 0.253/ 0.177/0.248 0.225/0.235 
2R:10066236 2.31-5 4.33-4 5.04-5   0.187/0.19 0.091/0.113 0.156/0.09 0.105/0.275 0.259/ 0.167/0.252 0.242/0.245 
2R:13493953 2.14-3 1.36-5 7.04-5   0.794/0.692 NA/0.747 0.756/0.711 0.766/0.698 0.762/ 0.817/0.708 0.817/0.876 
2R:6947963 1.79-5 4.79-3 1.86-4   0.011/0.031 NA/0.039 0/0.071 0.02/0.036 0.024/ 0.087/0.041 0.049/0.017 
2R:9634181 1.34-4 3.14-5 2.65-5   0.56/0.595 NA/0.621 0.586/0.548 0.609/0.54 0.56/ 0.553/0.5 0.619/0.385 
2R:9950245 1.01-5 5.69-4 3.69-5   0.124/0.286 NA/0.227 0.205/0.205 0.197/0.209 0.123/ 0.192/0.234 0.229/0.237 
3L:1528592 5.38-7 7.54-4 1.19-5   0.302/0.323 0.214/0.36 0.288/0.257 0.184/0.324 0.4/ 0.265/0.325 0.409/0.425 
3L:16492614 1.32-5 5.57-5 8.33-6   0.179/0.152 NA/0.16 0.258/0.13 0.141/0.127 0.133/ 0.267/0.264 0.24/0.094 
3L:1798850 5.69-5 4.38-5 2.05-5   0.137/0.192 0.118/0.202 0.07/0.159 0.092/0.091 0.14/ 0.127/0.022 0.225/0.163 
3L:18698884 4.35-5 7.36-3 3.68-4   0.151/0.202 NA/0.202 0.136/0.042 0.246/0.158 0.229/ 0.25/0.208 0.222/0.154 
3L:1899894 5.37-5 5.41-5 1.98-5   0.407/0.471 0.5/0.663 0.509/0.531 0.4/0.63 0.452/ 0.528/0.443 0.56/0.523 
3L:21790523 1.9-2 7.30-6 1.79-4   0.087/0.137 0.047/0.071 0.364/0.206 0.206/0.149 0.182/ 0.167/0.088 0.111/0.11 
3L:22599428 5.55-5 1.80-4 4.36-5   0.1/0.055 NA/0.172 0.146/0.125 0.302/0.104 0.123/ 0.164/0.152 0.128/0.262 
3L:2698197 1.48-2 4.27-6 2.11-4   0.155/0.217 0.143/0.371 0.147/0.254 0.241/0.127 0.252/ 0.176/0.139 0.232/0.13 
3L:5018166 4.50-5 1.76-2 8.24-3   0.1/0.06 NA/0.082 0.073/0.205 0.083/0.106 0.131/ 0.1/0.069 0.187/0.217 
3L:5245868 4.67-5 2.13-3 1.69-4   0.138/0.164 0.057/0.109 0.027/0.039 0.174/0.057 0.151/ 0.113/0.085 0.075/0.145 
3L:5386727 4.49-5 7.22-4 6.98-5   0.269/0.357 NA/0.319 0.087/0.32 0.219/0.208 0.09/ 0.302/0.194 0.226/0.085 
3L:9193712 1.99-7 6.84-6 2.72-7   0.347/0.159 0.043/0.217 0.105/0.133 0.291/0.16 0.36/ 0.197/0.197 0.267/0.396 
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3L:9251023 9.64-6 6.39-4 4.19-5   0.226/0.049 0.146/0.184 0.154/0.167 0.091/0.133 0.169/ 0.217/0.156 0.19/0.139 
3R:12830493 5.89-5 3.63-5 1.42-5   0.117/0.151 0.125/0.088 0.07/0.253 0.183/0.259 0.222/ 0.174/0.148 0.149/0.188 
3R:18653664 7.43-2 3.78-5 1.50-3   0.172/0.162 0.185/0.25 0.281/0.205 0.28/0.135 0.223/ 0.159/0.166 0.139/0.214 
3R:19369008 4.44-5 1.91-2 6.79-4   0.347/0.053 0.379/0.203 0.192/0.188 0.145/0.222 0.225/ 0.226/0.113 0.16/0.183 
3R:19369158 4.07-5 7.83-4 7.47-5   0.411/0.266 0.391/0.449 0.344/0.386 0.421/0.351 0.358/ 0.425/0.371 0.283/0.32 
3R:22414548 1.44-2 1.95-5 4.95-4   0.528/0.419 0.722/0.49 0.42/0.44 0.393/0.4 0.52/ 0.423/0.372 0.338/0.409 
3R:22429960 2.35-2 2.68-5 6.57-4   0.443/0.338 0.344/0.305 0.426/0.4 0.444/0.345 0.318/ 0.475/0.358 0.354/0.375 
3R:22429974 2.35-2 2.68-5 6.57-4   0.424/0.315 0.344/0.302 0.414/0.375 0.457/0.324 0.242/ 0.446/0.301 0.339/0.34 
3R:23469408 5.67-5 2.04-5 9.36-6   0.113/0.097 0.149/0.232 0.216/0.253 0.228/0.16 0.147/ 0.141/0.343 0.145/0.143 
X:10317247 9.36-6 2.08-3 9.27-5   0.14/0.135 0.182/0.259 0.28/0.226 0.286/0.234 0.143/ 0.159/0.194 0.14/0.183 
X:10317252 4.68-6 1.78-3 6.04-5   0.132/0.143 0.188/0.262 0.269/0.216 0.278/0.244 0.143/ 0.149/0.181 0.128/0.194 
X:12458989 1.20-4 5.84-5 2.35-5   0.029/0.5 NA/0.178 0.346/0.107 0.211/0.122 0.147/ 0.244/0.118 0.326/0.174 
X:13629506 4.07-5 1.75-5 7.38-6   0.614/0.615 0.667/0.574 0.333/0.522 0.417/0.389 0.683/ 0.511/0.531 0.472/0.448 
X:15380264 2.02-4 7.66-5 4.97-5   0.225/0.24 NA/0.222 0.184/0.132 0.143/0.267 0.294/ 0.296/0.267 0.247/0.184 
X:16916896 5.40-5 3.01-3 4.55-5   0.773/0.789 0.783/0.682 0.667/0.571 0.724/0.836 0.881/ 0.65/0.719 0.721/0.836 
X:19577237 1.02-5 1.07-2 3.14-4   0.8/0.621 NA/0.795 0.7/0.698 0.839/0.721 0.75/ 0.783/0.836 0.871/0.976 
X:19577611 9.94-6 9.63-3 2.92-4   0.807/0.757 NA/0.747 0.671/0.731 0.837/0.782 0.831/ 0.905/0.864 0.867/0.899 
X:2060448 4.53-6 1.76-3 4.81-5   0.117/0.381 NA/0.24 0.325/0.235 0.206/0.136 0.179/ 0.2/0.327 0.231/0.222 
X:2063160 4.61-6 1.85-3 4.92-5   0.149/0.219 NA/0.109 0.225/0.246 0.224/0.19 0.111/ 0.148/0.182 0.302/0.289 
X:2081089 2.14-5 5.47-3 2.19-4   0.165/0.175 0.455/0.205 0.237/0.375 0.2/0.325 0.184/ 0.308/0.231 0.355/0.276 
X:2083610 2.67-5 4.91-3 2.22-4   0.097/0.093 NA/0.248 0.208/0.064 0.13/0.215 0.064/ 0.091/0.154 0.236/0.037 
X:8411743 1.64-3 2.69-6 3.82-5   0.836/0.5 0.833/0.778 0.771/0.778 0.763/0.7 0.784/ 0.857/0.745 0.816/0.824 
X:8412262 6.53-2 8.29-6 1.22-3   0.853/0.808 NA/0.771 0.792/0.781 0.831/0.79 0.884/ 0.718/0.693 0.682/0.882 
X:9008976 2.00-3 1.94-5 2.35-5   0.545/0.391 NA/0.467 0.455/0.51 0.44/0.425 0.367/ 0.5/0.672 0.491/0.349 
X:9225300 1.19-3 1.62-5 1.55-5   0.207/0.545 0.423/0.255 0.45/0.241 0.524/0.488 0.246/ 0.386/0.425 0.497/0.631 
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CHAPTER 4  
 
INTRAGENIC EPISTASIS IN COUCH POTATO  
AND ITS EFFECT ON CLIMATIC ADAPTATION  
IN NATURAL POPULATIONS OF DROSOPHILA MELANOGASTER 
 
ABSTRACT 
Natural selection across environmental gradients produces life history trade-offs 
between somatic maintenance and reproduction such that no single genotype has highest 
fitness across all environments. Many of these adaptive traits are polygenic, therefore 
non-additive epistatic interactions for fitness-related traits can fundamentally affect the 
efficacy of natural selection and adaptation in the wild. Here, we use Drosophila 
melanogaster to examine interactions among three SNPs in couch potato (cpo) with 
alleles that have independent latitudinal clines. Using a comprehensive phenotypic 
screen, we identify non-additive interactions among combinations of SNPs; the temperate 
genotype, as defined by the three SNPs whose allele frequency increases with latitude 
and occur at higher frequency in temperate spring populations, is characterized by non-
additive increases in traits associated with higher fitness in temperate environments (e.g., 
cold tolerance). In contrast, the tropical genotype exhibits non-additive increases in traits 
associated with tropical environments (e.g., fecundity). The trait differences correspond 
with variation of cpo expression among the genotypes. The fitness benefits of the high 
and low latitude genotypes is reflected in their elevated frequency in natural populations 
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along latitudinal clines. This demonstrates that epistasis among independent SNPs in cpo 
and that these non-additive interactions influence performance and fitness phenotypes 
that underlie life history evolution and shape genotype distribution in natural populations. 
 
INTRODUCTION 
Understanding how molecular patterns translate to complex fitness-related 
phenotypes is a major goal of the modern genomics era. Adaptation to environmental 
heterogeneity is commonly inferred through examination of genes and phenotypes that 
co-vary along environmental gradients, in particular, along latitudinal clines (Endler 
1977; 1986). Empirical studies of phenotypic variation along clines support the predicted 
life history trade-offs between somatic maintenance and reproduction (Stearns 1992; Roff 
2002). Such phenotypic trades-offs demonstrate that fitness is context dependent and that 
there may be multiple fitness peaks in a genetic landscape. Therefore, no genotype has 
the highest fitness across all environments and balanced polymorphisms can be 
maintained in the population.  
Dissecting the genetic architecture underlying adaptive landscapes advances our 
understanding of the adaptive process. Genomic screens identify tens of thousands of 
SNPs that vary along the same latitudinal space that is routinely used to infer adaptive 
patterns of spatially varying selection and life history trade-offs (Kolaczkowski et al. 
2011; Fabian et al. 2012; Bergland et al. 2014). This magnitude of SNPs suggests that 
epistasis may be rampant and dominate the architecture of adaptive traits (Huang et al. 
2012; Corbett-Detig et al. 2013). Although statistical epistasis is apparent on the genome 
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scale, dissecting the complexities of genetic interactions in a gene-specific functional 
manner requires further investigation.  
Drosophila melanogaster is an ideal system in which to empirically examine and 
understand the genetic architecture of adaptation in natural populations. In D. 
melanogaster there are many instances of complex traits and genetic polymorphisms 
distributed over spatial and temporal gradients that are inferred to be products of natural 
selection (James and Partridge 1995; Verrelli and Eanes 2000; Mitrovski and Hoffmann 
2001; Sezgin et al. 2004; Schmidt and Conde 2006; Fabian et al. 2012; Behrman et al. 
2015). Sequencing of natural D. melanogaster populations across these gradients reveals 
hundreds to thousands of SNPs inferred to be involved with climatic adaptation (Turner 
et al. 2008; Fabian et al. 2012; Reinhardt et al. 2014; Bergland et al. 2014,b). The 
magnitude of SNPs implies that adaptation may involve high levels of non-additive, 
epistatic interactions that create highly connected genetic networks to form complex traits 
that are sculpted by natural selection.  
The RNA binding protein couch potato (cpo) has been identified as having 
numerous of strongly clinal nucleotide sites, some of which are correlated with fitness-
related life history traits (Bellen et al. 1992a,b; Lasko 2000; Glasscock and Tanouye 
2005; Schmidt and Conde 2006; Sambandan et al. 2006; Schmidt et al. 2008; Sinenko et 
al. 2010; Kolaczkowski et al. 2011; Fabian et al. 2012). Here, we test epistatic 
interactions among clinal cpo SNPs to see if apparently independent clinal SNPs interact 
in a non-additive way to produce fitness related life history traits. We find emergent 
properties among the high and low latitude combinations of alleles for traits that 
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correspond with fitness in those respective environments, which may contribute to the 
elevated frequency of these genotypes in the population. 
 
MATERIALS AND METHODS 
Recombinant Population Cages 
 Outbred populations were created for seven of the eight 3-allele genotype 
combinations using sequenced inbred lines of the Drosophila Genetics Reference Panel 
(DGRP) (Mackay et al. 2012); the CGA combination was not created because the alleles 
occurred together so rarely that there were insufficient lines available for population 
construction. The populations were fixed for one of the 3-allele combinations but had a 
randomized genetic background. Each population was started with seven inbred lines that 
were consistent for one of the 3-allele combinations and recombined freely: TTA (Ral 21, 
42, 93, 239, 320, 325, 399), TTT (Ral 75, 91, 181, 235, 356, 259, 426), TGT (Ral 149, 
370, 790, 818, 859, 890, 894), TGA (Ral 57, 83, 217, 367, 371, 492, 837), CTA (Ral 177, 
318, 378, 531, 757, 738, 805), CTT (Ral 40, 109, 195, 227, 228, 229, 233), and CGT (Ral 
26, 105, 142, 338, 362, 386, 406). For each outbred population, ten gravid females from 
each line were pooled and allowed to lay eggs for 48 hours, at which point the females 
were removed. The offspring were permitted to mate freely and recombined for at least 
10 subsequent non-overlapping generations before phenotyping.  
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Phenotypic Assays 
 Populations fixed for each allelic combination were tested for a panel of life 
history traits. All individuals phenotyped were reared at low density on standard 
cornmeal-molasses medium at 25ºC, 12L:12D. Unless otherwise noted, the flies were 
assayed at age 3-5 days.  
 Diapause: Approximately 50 females of each genotype were collected within 2h 
of eclosion from replicate culture vials and placed at 11ºC, 10L:14D, in Percival 136VL 
incubators. Four weeks later they were dissected and developmental status of the ovaries 
was assessed. Diapause state was defined by absence of ovarian vitellogin; any 
individuals with ovaries that contained vitellogenic eggs were scored as non-diapause 
(King 1970). 
 Lipid Content: Dry weight and fat content were determined for each sex from all 
genotypes (Robinson et al. 2000). The flies were kept in single sex groups of 3 females 
and 4 males for weighing 24 h after eclosion. Dry weight was determined after 24 h 
drying in an oven at 60ºC. Flies were reweighed after lipid removal by 24 h in diethyl 
ether with light shaking and 24 h drying at room temperature. Lipid content was 
calculated as the difference between dry and fat free weight.  
 Starvation: Ten replicates of each genotype were sorted into groups of 10 by sex 
using light CO2 and allowed to recover on standard cornmeal-molasses food for 24 h, at 
which point they were transferred to a vial containing cotton and 2mL deionized water. 
Mortality was recorded at three timepoints spaced throughout the day until all flies had 
died.  
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 Lifespan and Fecundity: Flies were collected upon eclosion and sorted by sex on 
light CO2 anesthetic. For each genotype, 10 replicate demography cages were initiated 
with 50 males and 50 females of a single 24-hour cohort placed into perforated 6-oz 
polypropylene bottles. Populations were maintained at 25ºC and 12L:12D photoperiod 
and cornmeal-molasses food plates were changed daily, at which point both eggs laid and 
adult mortality was scored. Individual fecundity was estimated based on the number of 
females remaining in the population.  
 Thermal tolerance: Response to high and low temperatures was measured for 
sixteen flies of each sex for all genotypes. Flies were sorted into individual glass tubes 
and given an hour to recover from the light CO2 anesthetic. Response to low temperatures 
was measured by burying the glass tubes containing a fly into ice and incubating it at 4ºC 
for two hours. Chill coma recovery time was estimated as the time required for each fly 
to resume an upright stance and locomotor activity, which was measured every 10s using 
DAM2 activity monitors (TriKinetics, Waltham, MA). Response to high temperature was 
evaluated by placing the vials at 25ºC in a Percival I36VL incubator that was programed 
to increase temperature by 1ºC each minute until it reached 37ºC. Time to thermal 
knockdown estimated as the time at which locomotor activity ceased as measured by the 
DAM2 activity monitors. 
 Development Time: Grape agar plates with yeast paste were placed in the 
population cages overnight and eggs were harvested in the morning. Twenty eggs were 
placed in each vial with ten replicates per genotype. Vials were checked at three 
timepoints throughout the day and the number of pupa and eclosed adults were recorded.  
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Expression level:  
 Quantitative PCR (qPCR) on adult females was performed to test if 
transcriptional expression of cpo was distinct among genotypes. Mated female flies ages 
3-5 days were flash frozen at -80ºC in pools of 15. RNA was isolated using Qiagen 
Rneasy Kit with an additional step of tissue homogenization using Qiagen QIAshredder. 
Quality and quantify of RNA was determined using a NanoDrop ND-1000 
spectrophotometer (Thermoscientific). Reverse transcription using primers designed for 
cpo with a probe (cpo 145 forward: ACGGCACAAAAACCAGTTAAA and cpo 145 
reverse: TTGGCTATTTTGACGAGTCAGTT) were used to synthesize cDNA, which 
was then quantified using taqman qPCR (ThermoFisher Scientific). The expression levels 
were standardized in comparison to two endogenous housekeeping genes (Life 
technologies, RpL32 and Rpll140). ΔCq was calculated as the difference between 
expression level of cpo and the mean expression of the two housekeeping genes. 
 
Sequencing  
 The distribution of the 3-allele genotypic combinations in natural populations was 
determined using wild-derived lines that were made isogenic at the third chromosome. 
High-latitude flies were collected in Bowdoin, ME (44.01 °N) and made isogenic at the 
second and third chromosomes using CyO and TM6B balancer chromosomes (Paaby et 
al. 2010). The sequences from the mid-Atlantic collection in Raleigh, NC (35.5ºN) are 
the publicly available inbred and sequenced lines of the DGRP (Mackay et al. 2012). 
Low-latitude flies from Jacksonville, FL (30.32ºN) and Homestead, FL (25.5ºN) were 
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made isogenic at the third chromosome using the TM3 balancer. Ethanol preserved flies 
were rehydrated in dH20 for 24 h at RT and homogenized for 2min in digestion solution 
using a mini beadbeater (Biosphere Products Inc). Genomic DNA was extracted from 
whole flies using DNeasy kit (Qiagen) and sections of cpo were amplified using PCR. 
Three sections of cpo were amplified using primers designed with Primer3 (v 4.0.0) 
based on the D. melanogaster reference genome (v 5.54) and manufactured by Integrated 
DNA Technologies. Primer pairs were as follows: for SNP cpo0130 forward 
ACTTCCGTTTCAGCATAGTT, reverse TCATTCAGTTGAGCCAATGA; for cpo1280 
forward AAAGCCCTGTTTGTATAGCA, reverse ATAAACATAGTGGGCCAGTG; 
for cpo3588 forward AATGGAGAATCAGATGGCTC, reverse 
AACAATTTGCATGGACCTTG. Fragments of approximate length 600 n.t. (cpo0130), 
500 n.t. (cpo1280) and 400 n.t. (cpo3588) were amplified in 40 cycles and 45ºC annealing 
temperature. The products were cleaned using Qiagen PCR purification kits and the 
reverse direction was sequenced at the University of Pennsylvania DNA Sequencing 
Center on an ABI 3100 sequencer (Applied Biosystems). Sequences were aligned using 
Geneious 7.1.5 (Biomatters Development Team) . 
 
Statistical analyses 
 Phenotypic and expression differences between the high-latitude and low-latitude 
genotypes were determined using a Student’s T-test. 
 Epistasis was identified as a significant deviation from a purely additive null 
model. For phenotypic traits and expression level, the null model created a prediction for 
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each genotype based on the average effect of the three alleles that comprised it. For the 
sequencing of chromosomes derived from natural populations, a predicted frequency of 
each genotype was constructed using the frequency of each allele within that population 
and assuming random assortment. The prediction was then compared to the observed data 
for that genotype and significance was determined using a chi-square test. 
 
RESULTS AND DISCUSSION 
Independently clinal and seasonal loci in cpo 
We identified three loci in D. melanogaster cpo with independent frequency 
clines along the east coast of North America using published pooled resequencing 
(Bergland et al. 2014): two intronic SNPs (3R:13790130 and 3R:13791280) that were 
among the most significantly clinal q-values (CQ <10-6) and located upstream of the 
putative non-synonymous coding change at 3R:17903588 (CQ = 2-5) that has inferred 
involvement in climatic adaptation (Schmidt et al. 2008) (Figure 4-1A; Table S4-1). 
These three clinal SNPs span approximately 3kb with an estimated recombination rate of 
2.75 cM/Mbp (Fiston-Lavier et al. 2010) and are not in pairwise linkage disequilibrium 
with each other (Figure 4-1D). The three-loci produce eight genotype combinations that 
all occur in wild populations. Here we test non-additive interactions among the high-
latitude temperate alleles (cpoTTA) and the low-latitude tropical alleles (cpoCGT) that may 
facilitate adaptation. This provides the unique opportunity to test functionally how 
apparently independent SNPs within a gene may interact in a non-additive way to 
produce emergent phenotypes that aid in climatic adaptation.  
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Non-additive genotypic effects on fitness related phenotypes 
Flies containing the temperate and tropical cpo genotypes produce phenotypes 
consistent with local adaptation to those environments. Genotype function was assessed 
in recombinant outbred populations that were fixed for each three-allele genotypes 
(Paaby et al. 2014). Briefly, these populations were constructed using inbred lines from 
the Drosophila Genetics Reference Panel (Mackay et al. 2012); for each genotype 
combination nine lines were used to initiate the population so that after generations of 
recombination the population remained fixed for the three alleles of interest but had a 
heterogeneous background. cpoTTA flies that contained all temperate alleles performed 
better than the cpoCGT flies that contained all tropical alleles for traits related to somatic 
maintenance, including diapause incidence (z=-3.469), starvation resistance (t(473)=-
6.966, p=1.1x10-11) and lipid content (t(80)=-2.085, p=0.04; Figure 4-2, Figure S4-1). In 
contrast, cpoCGT flies containing tropical alleles had higher reproductive output than 
cpoTTA flies containing temperate alleles (t(17)=2.536, p=0.021). This is consistent with 
previously identified life history trade-offs that vary with latitude (Schmidt et al. 2005a; 
Schmidt and Paaby 2008) where stress resistance is increasingly favored at the cost of 
lower fecundity in temperate environments while a high reproductive rate is favored at 
the cost of survival in populations originating from tropical environments (Stearns 1992; 
Roff 2002). 
Epistasis among the loci produced emergent fitness phenotypes in flies containing 
the temperate and tropical genotypes compared to an additive null model. The additive 
null model predicted the phenotype based on the average effect of the individual alleles 
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that composed the genotype. We saw non-additive emergent properties in traits that 
correspond with climatic adaptation: the cpoTTA flies containing temperate genotype had 
higher stress performance than predicted and the cpoCGT flies containing tropical 
genotype had higher reproduction (Figure 4-2, Figure S4-2, Table S4-2). Non-additive 
interactions among SNPs within the same gene may underlie observed life history 
tradeoffs and can facilitate adaptation to spatially variable environments (Natarajan et al. 
2013; Tufts et al. 2014; Hanifin and Gilly 2015). In pleiotropic genes such as cpo, 
mutations that improve upon one aspect simultaneously may be detrimental to other 
functions. This may result in sign epistasis, or context dependent allelic effects, because 
the phenotype of an allele may be contingent on the existence of alleles at other sites 
(Weinreich et al. 2005; Tufts et al. 2014).  
 
Genotype effects on cpo transcriptional expression levels 
 The SNPs in the cpo genotypes, or genetic variants linked to them, interact to 
regulate cpo expression and shape fitness-associated traits. Female adult cpoTTA flies 
containing the temperate genotype had significantly lower cpo expression than cpoCGT 
that contained the tropical genotype; this non-additive decrease was significantly lower 
than the null prediction based on additively (Figure 4-3, Figure S4-3). The correlation 
between cpo expression and suites of life history traits is consistent with low levels of 
cpo expression associated with traits associated with adaptation in temperate 
climates(Schmidt et al. 2008). Cis-regulation is important in shaping adaptive 
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quantitative traits (Sucena and Stern 2000; Skaer and Simpson 2000; Peichel et al. 2001; 
Shapiro et al. 2004; Wray 2007), however, this provides a rare example of multiple cis-
regulatory elements acting in concert to pattern gene expression to have large epistatic 
effects on a subset of fitness-related phenotypes. This suggests that epistatic effects on 
phenotypes involve both non-coding and coding polymorphism (Caicedo et al. 2004; Du 
et al. 2015). The mechanistic understanding of epistasis in natural populations has 
focused predominantly on interactions among non-synonymous amino acid coding 
changes (Natarajan et al. 2013; Tufts et al. 2014; Olson et al. 2014; Ivankov et al. 2014; 
Hanifin and Gilly 2015).  
 
Frequency of genotype distributions in natural populations 
  The non-additive fitness related phenotypes of the temperate and tropical 
genotypes suggests that selection may increase the frequency of these genotypes so they 
occur more frequently than if the alleles assorted randomly. Furthermore, because the 
emergent properties for the genotypes correspond with traits that increase fitness in their 
respective environments, one might expect even more over representation of the 
temperate genotype at high latitudes and in the spring and of the tropical genotype at low 
latitudes and in the fall. The relative abundance of the temperate and tropical genotypes 
along the eastern North American latitudinal transect was consistent with predictions: 
there were opposing clines with the tropical genotype at higher frequency in the south 
than the north and the temperate genotype was rare in the south but increased in 
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frequency with latitude (Figure 4-4). In the Pennsylvania population, the temperate 
genotype occurred at higher frequency in the spring and decrease in the fall, however the 
tropical genotype stayed at similar frequency throughout the year.  
 The relative frequencies of the cpoTTA and cpoCGT genotypes matched the 
prediction across space and time, but both genotypes occurred more frequently in the 
wild than expected based on the allele frequency in each population (Figure 4-4, Table S 
4-3). Selection on epistasic interactions must be sufficiently strong to prevent 
recombination from separating allelic correlations (Lewontin 1974). The deviations in 
genotype distribution in natural populations suggest that there may be co-selection of 
epistatic alleles (Du et al. 2015) due to the synergistic epistatic fitness effects of the high 
and low latitude genotypes, resulting in the elevated frequency of those genotypes in 
natural populations. The environmental heterogeneity experienced by natural populations 
creates a situation in which the fitness of the genotype is context dependent and neither 
the high nor low latitude genotype is favored across all conditions. The different selection 
pressures therefore maintain these balanced polymorphisms in the population, in contrast 
to the perspective of adaptive evolution sequentially fixing amino acid mutations to 
produce incremental improvement (Weinreich et al. 2006; Shah et al. 2015). 
 
Conclusions 
 The role of epistasis in the adaptive process remains unresolved. In some 
instances many loci may act together in an additive manner to produce fitness related 
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traits (Buckler et al. 2009), but cpo can be added to a growing list that highlights the 
importance of epistasis in shaping the genetic architecture underlying trait adaptation. 
The multiloci interactions in cpo suggest that suites of loci may act together to produce 
fitness related traits that are important for adaptation to environmental heterogeneity. 
Epistasis among clinal SNPs provides a possible explanation for the maintenance of the 
large magnitude of SNPs across environmental gradients. 
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Figure 4-1 Clinal SNPs in couch potato along the east coast of North America. (A) Clinal 
Q value (CQ) of SNPs in couch potato as a function of position in the gene. SNPs with a 
CQ <10-4 are highlighted in black and focal SNPs and are highlighted with larger shapes: 
3R:13790130 CQ<10-6 (pink triangle), 13791280 CQ<10-6 (green circle), 13793588 
CQ=2-5 (blue square) (B) Variation in allele frequency of focal cpo SNPs as a function of 
latitude. (C) Variation in allele frequency of focal cpo SNPs as a function of seasonal 
time in Livilla Orchards, Media, PA (D) Pairwise linkage disequilibrium (D’) among 
clinal SNPs with a cutoff of CQ <10-4 based on the Drosophila Genetic Reference Panel. 
Focal SNPs are highlighted with D’ between 13790130 and 13791280 = 0.172, D’ 
13790130 and 13793588 = 0.594 and D’ 13791280 and 13793588 = 0.111. 
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Figure 4-2 Non-additive effects in high and low latitude genotypes on fitness related 
phenotypes. Predictions (outline) are based on the assumption of pure additivity of the 
average effect of each of the three alleles and observed values (fill) are the measured 
phenotype for the each genotype. (A) Higher rates of reproductive diapause in the high-
latitude genotype compared to low-latitude genotype (z=-3.469) (B) Longer survival 
during starvation conditions for high-latitude genotype compared to low-latitude 
genotype (t(473)=-6.966, p=1.1x10-11) (C) Higher lipid mass in high-latitude genotype 
compared to low-latitude genotype (t(80)=-2.085, p=0.04) (D) No difference between 
genotypes in chill coma recovery time (t(45)=-0.425, p=0.673) (E) Higher average daily 
reproduction in low-latitude genotype compared to high-latitude genotype (t(17)=2.536, 
p=0.021). 
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Figure 4-3 Differential couch potato expression among genotypes. (A) Couch potato 
expression in the high-latitude genotype (TTA) is lower than predicted as well as lower 
than that observed for the low-latitude genotype (CGT). Predicted expression levels 
(outline) are based on assumption of pure additively and are calculated as the average 
expression level of the 3 alleles that compose each genotype. Observed values (fill) are 
the measured phenotype for each genotype combination. 
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Figure 4-4 Observed frequency (filled) of tropical (CGT) and temperate (TTA) multi-
SNP genotypes in wild populations is higher than the prediction (outline) based on 
independent assortment. (A) In the high-latitude population of Maine, the temperate 
genotype is more common than the tropical. (B) In the mid-latitude population of North 
Carolina, genotypes occur at equal frequency with similar deviations from predictions. 
(C) In the low-latitude population of Florida, the tropical genotype occurred more 
frequently than the temperate and had an even higher deviation from prediction than the 
temperate genotype.
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Figure S 4-1 Predicted and observed phenotypes for high-latitude and low-latitude 
genotypes. Predictions (outline) are based on the assumption of pure additivity of the 
average effect of each of the 3 alleles and observed values (fill) are the measured 
phenotype for the each genotype. (A) Higher rates of reproductive diapause in the high-
latitude genotype compared to low-latitude genotype (z=-3.469) (B) No difference 
between genotypes in chill coma recovery time (t(45)=-0.425, p=0.673) (C) Longer 
survival during starvation conditions for high-latitude genotype compared to low-latitude 
genotype (t(473)=-6.966, p=1.1x10-11) (D) Higher lipid mass in high-latitude genotype 
compared to low-latitude genotype (t(80)=-2.085, p=0.04) (E) No difference in weight 
between the genotypes (t(81)=-0.942, p=0.349) (F) Shorter lifespan in the high-latitude 
genotype compared to low-latitude gentoype (t(1525)=12.747, p=2.2x10-16) (G) No 
deviation in heat knockdown for either genotype (t(101)=-0.570, p=0.569) (H) No 
difference in development time for either genotype (t(412)=0.991, p=0.322) (I) Higher 
average daily reproduction in low-latitude genotype compared to high-latitude genotype 
(t(17)=2.536, p=0.021).
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Figure S 4-2 Non-additive effects in high and low latitude genotypes on fitness related 
phenotypes. Deviation from predictions of phenotypes for all combinations of couch 
potato genotypes. The size of the circle is directly proportional to the magnitude of the 
deviation; outlined circles indicate lower performance than predicted whereas filled 
circles represent higher. The high-latitude genotype (TTA) is shown in blue and the low-
latitude (CGT) in red. Traits involved with somatic maintenance such as (A) diapause (B) 
chill recovery (C) starvation and (D) lipid content recovery were all higher than predicted 
for the high-latitude genotype. Dry weight (E), lifespan (F), heat knockdown (G) and 
development time (H) did not deviate significantly from null predictions. Fecundity (I) 
was higher for both the low and high latitude genotyp
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Table S 4-1 cpo SNPs that are clinal with a q-value (CQ) of <10-4 and their allele 
frequency at sampled populations along a latitudinal cline. Focal alleles are highlighted in 
bold. 
  Allele frequency at latitude (ºN)  
Position on 
3R CQ 25.47 25.47 30.32 33.39 35.77 40 40 44.03 44.03 
13764970 0.000069 0.476 0.364 0.320 0.140 0.100 0.043 0.156 0.049 0.040 
13765977 0.000003 0.189 0.088 0.232 0.261 0.470 0.373 0.348 0.586 0.577 
13766023 0.000034 0.247 0.139 0.209 0.254 0.340 0.384 0.298 0.618 0.400 
13766032 0.000048 0.440 0.528 0.491 0.434 0.385 0.104 0.134 0.072 0.273 
13769207 0.000003 0.507 0.618 0.422 0.359 0.189 0.141 0.076 0.089 0.125 
13772902 0.000009 0.667 0.679 0.731 0.506 0.415 0.389 0.394 0.230 0.222 
13781689 0.000079 0.438 0.667 0.442 0.200 0.171 0.181 0.156 0.119 0.097 
13781696 0.000042 0.371 0.520 0.430 0.137 0.063 0.084 0.118 0.044 0.029 
13782301 0.000019 0.472 0.433 0.396 0.316 0.200 0.125 0.212 0.071 0.103 
13782405 0.000005 0.465 0.458 0.552 0.277 0.108 0.135 0.161 0.043 0.100 
13782406 0.000001 0.455 0.479 0.542 0.271 0.103 0.132 0.144 0.021 0.100 
13782430 0.000001 0.494 0.525 0.535 0.318 0.154 0.140 0.286 0.064 0.125 
13782470 0.000031 0.538 0.477 0.513 0.327 0.159 0.120 0.333 0.128 0.190 
13782562 0.000047 0.507 0.667 0.471 0.277 0.241 0.133 0.210 0.095 0.412 
13782572 0.000049 0.486 0.615 0.451 0.260 0.271 0.131 0.179 0.088 0.412 
13782893 0.000033 0.603 0.651 0.755 0.529 0.270 0.316 0.429 0.303 0.185 
13782897 0.000036 0.600 0.674 0.760 0.500 0.263 0.296 0.414 0.307 0.214 
13782902 0.000049 0.617 0.667 0.740 0.495 0.317 0.303 0.405 0.313 0.185 
13783032 0.00006 0.588 0.533 0.449 0.400 0.387 0.118 0.128 0.146 0.130 
13784506 0.000047 0.439 0.468 0.344 0.107 0.100 0.063 0.127 0.046 0.174 
13784514 0.000055 0.458 0.521 0.388 0.129 0.130 0.090 0.222 0.065 0.227 
13784765 0.000006 0.467 0.563 0.377 0.141 0.125 0.030 0.155 0.045 0.067 
13789160 0.00002 0.764 0.911 0.844 0.655 0.698 0.843 0.733 0.433 0.500 
13789170 0.000002 0.815 0.925 0.863 0.675 0.673 0.839 0.726 0.434 0.474 
13789456 0.000074 0.429 0.383 0.336 0.188 0.184 0.078 0.123 0.055 0.038 
13790130 0 0.815 0.745 0.573 0.587 0.511 0.535 0.351 0.129 0.563 
13791260 0.000061 0.414 0.258 0.215 0.366 0.558 0.547 0.463 0.681 0.611 
13791280 0 0.200 0.317 0.432 0.466 0.628 0.711 0.667 0.810 0.800 
13791652 0.000025 0.308 0.431 0.435 0.718 0.588 0.698 0.731 0.794 0.708 
13791680 0.000014 0.205 0.488 0.496 0.797 0.630 0.697 0.701 0.826 0.750 
13793588 0.000002 0.232 0.029 0.123 0.271 0.500 0.412 0.417 0.609 0.520 
13796692 0.000011 0.646 0.714 0.704 0.659 0.538 0.348 0.558 0.254 0.350 
13809795 0.000033 0.128 0.212 0.396 0.466 0.448 0.448 0.400 0.675 0.750 
13809894 0.000007 0.215 0.103 0.347 0.676 0.500 0.362 0.426 0.729 0.680 
13812245 0.000091 0.014 0.080 0.139 0.173 0.370 0.399 0.257 0.357 0.471 
13814920 0.000053 0.615 0.564 0.583 0.406 0.241 0.301 0.326 0.242 0.192 
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13819789 0.000057 0.078 0.050 0.191 0.245 0.297 0.231 0.352 0.442 0.438 
13823027 0.000004 0.850 0.756 0.609 0.462 0.351 0.592 0.471 0.286 0.286 
13824549 0.000008 0.607 0.500 0.423 0.373 0.119 0.261 0.212 0.069 0.238 
13826409 0.000046 0.722 0.909 0.753 0.612 0.423 0.515 0.603 0.275 0.714 
13827267 0.000073 0.426 0.468 0.425 0.253 0.211 0.131 0.075 0.045 0.105 
13838737 0.000007 0.667 0.615 0.622 0.585 0.176 0.500 0.618 0.143 0.207 
13838806 0 0.594 0.583 0.407 0.388 0.162 0.306 0.350 0.071 0.077 
13838848 0 0.590 0.644 0.453 0.357 0.094 0.340 0.344 0.108 0.098 
13845627 0.000026 0.886 0.750 0.720 0.500 0.565 0.280 0.469 0.361 0.188 
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Table S  4-2 Response and deviation from prediction for phenotypic traits and cpo mRNA expression level for all cpo genotype 
population cages 
  
CGT CTA CTT TGA TGT TTT TTA χ2 
Diapause proportion 0.605 0.867 0.864 0.4 0.537 0.765 1 53.914 ± CI 0.155 0.099 0.101 0.175 0.153 0.201 9.792-7 *** 
 
deviation 0.275 0.254 0.298 0.128 0.31 0.303 0.492  
         Chill 
Recovery mean  86.524 157.377 101.873 133.933 104.629 130.367 94.617 26.547 
(minutes) ± SE 22.395 34.204 11.556 15.108 4.453 28.719 16.774 *** 
 
deviation -22.395 34.204 -11.556 15.108 -4.453 16.774 -28.719  
         Starvation mean  84.886 82.379 101.855 72.297 80.052 76.671 105.346 8.889 
(hours) ± SE 1.896 1.896 1.938 1.973 1.921 1.896 1.884  
 deviation 0.0485 -7.006 12.934 -11.129 -2.909 -10.373 17.837  
          Lipid mean  55.788 66.644 57.286 60.213 61.45 67.361 70.538 1.534 
(ηg) ± SE 5.48 5.698 5.111 5.481 5.056 5.348 5.223  
 
deviation -4.003 3.032 -4.508 -3.161 -0.1 3.801 5.16  
         Weight mean  33.328 37.287 34.105 34.075 34.108 35.635 35.579 0.187 
(ηg) ± SE 1.573 1.636 1.467 1.573 1.451 1.535 1.499  
 
deviation -0.991 1.961 -0.785 -0.692 -0.223 0.733 0.241  
         Heat 
knockdown 
(minutes) 
mean  70.271 74.136 83.571 84.725 73.228 77.667 73.938 2.278 
± SE 5.472 5.245 5.472 5.326 5.745 6.28 5.631  
 
deviation -5.869 -2.833 7.112 7.507 -3.481 0.64 -3.598  
         Lifespan 
(days) 
mean  33.838 33.895 35.974 25.877 31.079 33.189 27.333 1.162 
± SE 0.372 0.365 0.364 0.385 0.354 0.358 0.364  
 
deviation 1.023 1.785 2.419 -3.804 -0.049 1.321 -3.089  
         Development 
time (hours) 
mean  224.467 223.237 224.599 222.479 223.84 223.972 222.609 0.267 
± SE 0.64 0.636 0.618 0.636 0.603 0.655 0.627  
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deviation 0.641 0.636 0.618 0.636 0.603 1.94-2 5.27-3  
          Fecundity mean  53.259 25.693 35.523 24.441 32.594 30.603 37.991 12.174 
(no. eggs) ± SE 5.018 5.61 5.2893 6.478 5.289 5.289 5.018 * 
 
deviation 14.429 -8.466 -1.271 -9.433 -3.914 -3.869 6.153  
         mRNA 
expression 
mean  0.241 0.248 0.242 0.24 0.226 0.2430.0
0.024 
0.146 0.0284 
± SE 0.0291 0.024 0.024 0.024 0.024 0.024  
 deviation 0.0023 0.023 0.008 0.0201 0.0027 0.019 -0.069  
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 Maine  Pennsylvania  North Carolina  Florida 
 (N=79)  (N=110)  (N=145)  (N=21) 
 freq ± C.I. Dev.  freq ± C.I. Dev.  freq ± C.I. Dev.  freq ± C.I. Dev. 
cpo0130 C 0.350 0.105   0.474 0.092   0.5 0.079   0.524 0.214  
cpo1280 G 0.358 0.104   0.371 0.088   0.314 0.073   0.483 0.182  
cpo3588 T 0.549 0.108   0.383 0.089   0.686 0.073   0.781 0.143  
                
CGT 0.063 0.051 0.007  0.145 0.058 0.037  0.166 0.051 0.058  0.429 0.171 0.231 
CGA 0.101 0.056 0.032  0.028 0.047 -0.039  0.014 0.035 -0.036  0 0.098 -0.055 
CTA 0.025 0.073 -0.098  0.064 0.059 -0.05  0.062 0.051 -0.046  0.048 0.101 -0.012 
CTT 0.152 0.067 0.051  0.236 0.072 0.052  0.255 0.069 0.019  0.048 0.175 -0.164 
TGA 0.177 0.074 0.049  0.136 0.049 0.062  0.089 0.035 0.040  0 0.093 -0.050 
TGT 0.025 0.067 -0.079  0.055 0.061 -0.066  0.048 0.051 -0.059  0.143 0.164 -0.037 
TTT 0.189 0.086 0.002  0.164 0.075 -0.041  0.193 0.069 -0.042  0.19 0.169 -0.002 
TTA 0.265 0.093 0.037  0.173 0.062 0.046  0.172 0.051 0.065  0.143 0.097 0.089 
 
Table S 4-3 Frequency and deviation from predictions for cpo genotypes in wild populations collected along a latitudinal cline 
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CHAPTER 5  
 
RAPID SEASONAL ADAPTATION IN INNATE IMMUNITY  
OF WILD DROSOPHILA MELANOGASTER  
 
ABSTRACT 
 
 The rate at which populations respond to environmental change is a fundamental 
component of the adaptive process. Strong selection imposed by pathogens may result in 
rapid evolution of immune defense in nature. Comparative studies across a broad range of 
taxa indicate that genes with immune function are among the most rapidly evolving 
portions of the genome (Waterhouse et al. 2007; Crawford et al. 2010; Fumagalli et al. 
2011; McTaggart et al. 2012; Daub et al. 2013; Quintana-Murci and Clark 2013; Chávez 
Galarza et al. 2013; Erler et al. 2014). In Drosophila melanogaster, immune genes show 
evidence of local adaptation over geography with high levels of population differentiation 
and latitudinal enrichment across multiple continents (Juneja and Lazzaro 2010; 
Kolaczkowski et al. 2011; Fabian et al. 2012; Hübner et al. 2013). However, although 
some screens of infection response in D. melanogaster indicate continental differences in 
defense quality (Tinsley et al. 2006; Lazzaro 2008), but see (Early et al. 2017), there has 
been less evidence for short-range geographic patterns of differentiation(Lazzaro et al. 
2008; Corby-Harris and Promislow 2008). In temperate climates, microbial populations 
and hence infection pressure may vary seasonally. Thus, we might predict seasonal 
variation in defense even in the absence of established clinal differences in performance. 
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To test this hypothesis, we determined whether innate immunity evolves seasonally 
within mid-Atlantic D. melanogaster populations in North America (Massachusetts, 
Pennsylvania, and Virginia). We found that immune defense changed rapidly and 
repeatedly from spring to fall, and that seasonally cycling alleles of immune genes 
determine seasonal variation in resistance to and tolerance of infection. We used 
reconstructed outbred populations to show that epistatic interactions among seasonally 
cycling SNPs produced the immune phenotypes observed in natural populations. This 
rapid, cyclic response to seasonal environmental pressure broadens our understanding of 
the complex ecological and genetic interactions determining the evolution of immune 
defense in natural populations. 
 
RESULTS AND DISCUSSION 
 
Geographic differences in immunity 
 We tested for signals of local adaption in defense phenotypes across a latitudinal 
gradient of Drosophila melanogaster along the east coast of North America. We 
established “spring” and “fall” isofemale lines from wild orchard populations that 
spanned 4º latitude: Massachusetts, Pennsylvania and Virginia. Collections were repeated 
across two years and each sample was maintained in a standard laboratory environment 
before probing immune defense. Rearing the lines for multiple generations in a common 
laboratory environment that is distinct from the external sample sites removes 
environmental variation and ensures that differences among collections and populations 
can be attributed to genetic variation. Quality of immune defense was probed using 
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systemic bacterial infection (Khalil et al. 2015) with Providencia rettgeri (Juneja and 
Lazzaro 2009) and Enterococcus faecalis (Lazzaro et al. 2006) strains that were 
originally isolated as infections of wild-caught D. melanogaster. 
 Survival following bacterial infection differed as a function of geography across 
the latitudinal transect (Figure 5-1). Source population was a significant predictor of 
survival after infection by both E. faecalis (df=1, F=19.826, p<0.0001) and P. rettgeri 
(df=1, F=20.684, p<0.0001), but source population did not predict systemic bacterial load 
sustained by flies infected with either pathogen. There was a significant interaction 
between population and season determining survival after infection with both bacteria (E. 
faecalis: df=2, F=5.784, p<0.0001; P. rettgeri: df=2, F=3.323, p<0.05). Survival after E. 
faecalis infection was higher in the lower-latitude Virginia population in the spring but 
the clinal difference disappeared in the fall (p=0.037, Figure 5-1 A-B). The high-latitude 
Massachusetts and Pennsylvania populations had similar load and survival after P. 
rettgeri infection and exhibited a greater seasonal change in both survival and bacterial 
load compared to the lower-latitude Virginia population (Figure 5-1 C-D). These results 
contrast previous studies that did not detect a robust association between latitude and 
survival (Corby-Harris et al. 2007) or load (Lazzaro et al. 2008; Early and Clark 2013), 
which may be due to the interaction between season and latitude. It is possible that 
geographical differences in immune response may be even greater across a longer 
distance that may capture a larger difference in pathogen diversity (Møller and Moller 
1998; Guernier et al. 2004; Nunn et al. 2005; Tinsley et al. 2006; P Møller et al. 2006; 
Dionne et al. 2007; Schemske et al. 2009; Paparazzo et al. 2015). 
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Immunity changes rapidly within a population over seasonal time 
 Immune defense changed rapidly across approximately 10 generations in the wild 
from spring to fall. The relationship between bacterial load and survival varied between 
populations and collections in a pathogen-specific way (Figure 1). Spring populations 
were more resistant to E. faecalis bacterial growth (df=1, F=87.758, p>0.0001) and 
maintained low load with higher survival rates (df=1, F=19.826, p>0.0001), while the fall 
populations infected with the same bacteria did not restrict bacterial growth as 
effectively, resulting in high load and high mortality (Figure 5-1 A-B). However, the 
converse relationship occurred when flies were infected with P. rettgeri: higher survival 
in the spring (df=1, F=20.684, p>0.0001) despite higher bacterial load (df=1, F=4.3404, 
p>0.0001) and high mortality in the fall even though the bacterial growth was restricted 
to low levels (Figure 15- C-D). Thus, there was a seasonal decline in resistance to E. 
faecalis and a seasonal decline in tolerance of P. rettgeri infection. Because all flies had 
been cultured in the lab for several generations regardless of their collection time or 
population of origin, we can be confident that these seasonal effects are genetically 
determined. This is consistent with our previous findings that spring D. melanogaster 
were more stress resistant compared to fall populations for a variety of life history 
traits(Schmidt and Conde 2006; Behrman et al. 2015). 
 The repeatability of the changes in immune defense across replicate years and 
locations indicate deterministic evolutionary processes. Wild Drosophila populations live 
in a heterogeneous environment and evolve rapidly in response to environmental 
parameters that change with season (Schmidt and Conde 2006; Behrman et al. 2015), 
potentially including rapid turn-over in microbial and pathogen communities (Figure S5-
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2). It is possible that gene flow due to migration from other latitudes contributes to the 
differences between the spring and fall populations. However, migration is unlikely to be 
the primary cause underlying seasonal immune differences because the latitudinal 
differentiation was weak compared to seasonal change and infection with different 
pathogens demonstrated opposing clinal patterns but parallel change across seasons. 
Additionally, migration alone appears insufficient to explain genome-wide differences in 
allele frequency profiles that characterize spring and fall populations in Pennsylvania 
orchard (Bergland et al. 2014); thus, migration is unlikely to explain the seasonal 
differences in immune response. 
   
SNPs in immune genes oscillate across seasonal time 
 Next, we analyzed previously published genomic data to identify candidate genes 
that might underlie rapid changes in immunity. We identified 24 candidate SNPs (Table 
S5-1) that oscillate in frequency across seasonal time in these populations (Bergland et al. 
2014) located within or in proximity to 13 genes that are known to be involved in 
immune function (Early et al. 2017). Immune genes were not enriched among seasonal 
candidate genes compared to controls matched for size and position, but changes in a 
single gene within an immune pathway may affect the response to infection. It is also 
possible that differences in seasonal immunity may be due to genes that are not identified 
in the classical immune system. Candidate immune genes containing seasonal SNPs were 
distributed across all levels of the humoral innate immune pathway: two genes in 
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recognition receptors involved with the detection of pathogens, six genes in the signaling 
cascades and five effector proteins that contribute directly to bacterial death (Table S5-1). 
 
Seasonally oscillating Tep3 SNPs have functional differences in immunity 
 Over 1/3 of the seasonally variable SNPs were in Tep family genes, with Tep 
homologs comprising 1/4 of all of the seasonally variable immune genes. Tep proteins are 
⍺-macroglobulin protease traps that bind to pathogen surface and act as opsonins 
(Blandin 2004; Shokal et al. 2017; Shokal and Eleftherianos 2017). We tested the 
immune function of seasonal Tep3 SNPs using recombinant outbred populations (Paaby 
et al. 2014). Each population was initiated with 15 inbred lines from the Drosophila 
Genetics Reference Panel (DGRP) (Mackay et al. 2012) that all contained one 
combination of 2L:7703202 and 2L:7705730 spring and fall alleles: spring alleles at both 
loci (Tep3TG), fall alleles at both loci (Tep3CT) and a combination of spring and fall alleles 
(Tep3TT). The alternative combination of spring and fall alleles (Tep3CG) was excluded, 
since it occurred at a very low frequency in the inbred panel. These populations remained 
fixed for each of the Tep3 allelic combinations but had heterogeneous backgrounds after 
generations of recombination; therefore differences among the recombinant populations 
in immune response can be attributed to the fixed differences in Tep3. There was no 
difference in bacterial load among the flies carrying the tested haplotypes, but there was 
differential survivorship after infection with both Gram-positive and Gram-negative 
pathogens (Figure 5-3). Flies containing the spring haplotype had higher survival than 
those containing the fall or mixed haplotypes when infected with E. faecalis (df=2, χ2= 
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6.73, p=0.0346; Figure 5-3A), suggesting that the fall allele at Tep35730, or genetic 
variants linked to it, has a dominant effect that decreases survival to E. faecalis infection. 
The Tep3 SNPs had an additive effect on survival to P. rettgeri infection with higher 
survival in flies containing the fall haplotype than those containing the spring haplotype 
and intermediate survival in flies containing the mixed haplotype (df=2, χ2= 3.651, 
p=0.161, Figure 5-3B). Differential survivorship at the same infection load suggests that 
the SNPs in Tep3 affect immune tolerance.  
 Pathogen-specific higher survival in flies containing either spring or fall Tep3 
haplotypes may result in higher frequency of those haplotypes in the wild compared to 
flies containing a combination of spring and fall alleles (Figure 5-3 D-E). The patterns we 
observed with the recombinant outbred populations were consistent with the seasonal 
patterns we observed natural populations: spring populations and flies containing the 
spring Tep3 haplotype both had a higher defense against Gram-positive E. faecalis 
whereas fall populations and flies containing the fall Tep3 haplotype had higher defense 
against Gram-negative P. rettgeri. Opposite survival patterns for flies with spring and fall 
Tep3 haplotypes were consistent with antagonistic pleiotropy(Williams 1957) within the 
branches of the immune system limiting the host such that improvements in response to 
one class of pathogens (e.g., Gram-negative bacteria) restrict the ability to respond to 
other pathogens (e.g., Gram-positive bacteria). Trade-offs within the immune system 
occur in several insect systems between humoral antimicrobial peptides that combat 
microbial infections and phenoloxidase that is deployed against eukaryotic parasites 
(Moret and Schmid-Hempel 2001; Wilfert et al. 2007; Freitak et al. 2007) as well as in 
the T helper cells of the vertebrate immune system (reviewed in Fenton et al. 2008)). 
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Genetic variation for allocation of either immune activity may be maintained if the risk of 
pathogenesis changes over space or time. 
 
Haplotype structure in Tep3  
 The seasonal alleles we tested in Tep3 cycle in haplotype blocks with two primary 
haplotypes for spring Tep3TG and two for fall Tep3CT in the Pennsylvania orchard (Figure 
3F, Table S2) with high LD across the 2.5 kb region (Figure 5-2B). The function of these 
loci remains unclear. The polymorphism at 2L:7703202 produces a nonsynonymous 
Ala/Val polymorphism at residue 18, but both amino acids produced are hydrophobic and 
therefore may not alter protein structure. The intronic SNP at 2L:7705730 is directly 
upstream of the exon cassette region and may regulate expression, but Tep3 is 
constitutively expressed and not strongly induced by E. faecalis or P. rettgeri infection 
(Lagueux et al. 2000); B.P. Lazzaro unpublished data). Additionally, flies containing the 
seasonal Tep3 haplotypes have no difference in Tep3 expression in the absence of 
infection (df=3, F= 1.419 p= 0.239, Figure 5-3C) based on previously published RNAseq 
expression of the DGRP lines (Huang et al. 2015). Therefore, the SNPs we examined 
may best be considered as markers for a larger haplotype that contains the causal 
variants. 
 The increased immune fitness associated with these haplotypes may maintain 
these haplotypes in the wild. Inversions could maintain the LD that preserves the high-
fitness spring and fall haplotypes (Kunte et al. 2014; Nishikawa et al. 2015), but this is 
unlikely because the In(2L)t inversion that contains Tep3 does not cycle with season 
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(Bergland et al. 2014; Kapun et al. 2016). Additionally, Tep3 is not located near a 
recombination-limiting breakpoint of In(2L)t nor is it in LD with other seasonal immune 
SNPs within the inversion. LD might be created and maintained by selection against 
recombinant phenotypes either due to lower fitness in immunocompetence or another 
pleiotropic trait or because of hybrid incompatibilities. Deleterious hybrid 
incompatibilities maintain distinct haplotypes in Arabidopsis thaliana NLR immune 
receptors (Chae et al. 2014) and may also explain the near absence of the Tep3CG 
combination of spring and fall alleles in all populations examined (Figure 5-3D-E). Flies 
containing the Tep3CG haplotype appear three times across the haplotype tree constructed 
from the seasonal Pennsylvania inbred lines (Figure 5-3F), suggesting that the haplotype 
may form spontaneously through recombination but does not proliferate in the 
population. Thus, it is likely that selection for the immune benefits of the spring and fall 
haplotypes and against the combination of spring and fall alleles maintains these distinct 
haplotypes in the wild. While these Tep3 haplotypes explained some of the seasonal 
differences in immune tolerance of natural populations, other seasonally changing genes 
may also contribute to the observed differences in bacterial resistance in natural 
populations 
 
Epistasis among AMP genes involved in rapid seasonal adaptation 
 We tested whether additional seasonal SNPs in the immune pathways interact 
with Tep3 to facilitate rapid immune evolution across seasons. We tested epistasis in 
immune function between Tep3 and a seasonally cycling immune SNP (3L:3334769, an 
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upstream modifier of Drosomycin-like 6 (Dro6)), that was shown to significantly affect 
resistance to P. rettgeri in a genome-wide association study (Unckless et al. 2015). We 
also tested epistasis among the Tep3 SNPs and 3R:17861050, a 3’ UTR modifier in the 
signaling gene Fas-associated death domain ortholog (Fadd), which was the only SNP 
that demonstrated concordant patterns between seasonal change and latitudinal 
differentiation (Figure 5-2A, Table S5-1). Recombinant population cages were created as 
described above with flies containing either spring or fall Tep3 haplotypes in combination 
with either Dro6 or Fadd seasonal alleles. There were non-additive interactions in 
immune defense among flies containing Tep3 and Dro6 alleles but no difference among 
flies containing combinations of Tep3 and Fadd (Figure 5-4A-D).  
 Intergenic epistatic interactions between Tep3 and Dro6 suggest that season-
specific genotypes have highest fitness; flies having all spring or all fall alleles had high 
survival while flies that contained a combination of spring and fall had higher mortality. 
This suggests complex genetic interactions shape winter and summer fitness with distinct 
haplotypes maintained by non-additive epistatic interactions (Natarajan et al. 2013; Tufts 
et al. 2014; Hanifin and Gilly 2015). 
 
Conclusions 
  We demonstrate that pathogen-specific innate immunity evolves rapidly in 
natural populations of D. melanogaster across replicate years and geographic locations. 
Comparative studies across species and among populations infer that immune genes 
evolve faster than other portions of the genome, but the rapid change we observed over 
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approximately 10 generations is a substantially faster rate than previously considered. We 
tested a small subset of the immune SNPs that oscillate in allele frequency across 
seasonal time and observed intra- and inter-genic interactions consistent with changes in 
immune tolerance and resistance across seasons in natural populations. Oscillating 
selection due to changing bacterial communities across seasonal time may maintain the 
observed genetic variation for optimal allocation of immune defense. Epistatic 
interactions among seasonally oscillating immune alleles may help facilitate this rapid 
phenotypic change over a short seasonal timescale. This rapid, cyclic response to biotic 
variables broadens our understanding of the complex ecological and genetic interactions 
in the evolutionary dynamics of natural populations. 
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METHODS 
EXPERIMENTAL MODEL AND SUBJECT DETAILS 
Wild Drosophila Samples 
 Wild D. melanogaster were collected by direct aspiration both early (July) and 
late (October) at three locations spaced evenly along a latitudinal gradient: George Hill 
Orchard in Lancaster, MA (42.500493ºN, -71.563580ºE), Linvilla Orchards in Media, PA 
(39.884179ºN, -75.411227ºE) and Carter Mountain Orchard in Charlottesville, VA 
(37.991851ºN, -78.471630ºE). Isofemale lines were established from wild-caught 
inseminated females maintained on standard cornmeal molasses food under controlled 
laboratory conditions (25ºC, 12L:12D) on a three-week transfer cycle for 6-8 generations 
before immune assessment. Immune differences among populations are assumed to 
reflect genetic differentiation because transgenerational transmission of environmentally 
based immune response is removed within two generations in a common environment 
(Little and Kraaijeveld 2004; Sadd et al. 2005; Moret 2006) 
 
Recombinant population cages 
 Recombinant populations fixed for specific Tep3 seasonal alleles were 
constructed from 15 lines from the Drosophila Genetics Reference Panel (DGRP) 
(Mackay et al. 2012) to randomize genetic background (Paaby et al. 2014). Ten gravid 
females from each line were pooled to lay eggs for 48 hours. The offspring were 
permitted to mate freely for at least 10 subsequent non-overlapping generations before 
immune assessment. The immune function of the two SNPs in Tep3 was tested using 
three genotypes that combined the spring and fall alleles: (1) Tep3TG contained spring 
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alleles for both Tep33202 and Tep35370, (2) Tep3TT contained the spring Tep33202 coding 
allele and the fall Tep35370 modifier allele and (3) Tep3CT contained fall alleles for both 
SNPs. The final combination of the fall Tep33202 coding allele and the spring Tep35730 
modifier allele was too rare in the DGRP to create the recombinant populations. Two 
independent biological replicate populations were created for each of the three genotypes 
that were initiated with different founding lines:  
Tep3TG Rep A (Ral_21, Ral_45, Ral_105, Ral_142, Ral_149, Ral_227, Ral_229, 
Ral_256, Ral_280, Ral_317, Ral_318, Ral_360, Ral_371, Ral_379, Ral_486, Ral_508, 
Ral_509),  
Tep3TG Rep B (Rep B: Ral_73, Ral_91, Ral_491, Ral_531, Ral_535, Ral_589, Ral_703, 
Ral_716, Ral_737, Ral_783, Ral_796, Ral_810, Ral_818, Ral_820, Ral_894, Ral_907) 
Tep3TT Rep A (Ral_26, Ral_158, Ral_176, Ral_177, Ral_181, Ral_195, Ral_217, 
Ral_223, Ral_235, Ral_315, Ral_319, Ral_320, Ral_367, Ral_392) 
Tep3TT Rep B (Ral_42, Ral_59, Ral_399, Ral_437, Ral_439, Ral_530, Ral_555, Ral_642, 
Ral_707, Ral_786, Ral_787, Ral_804, Ral_853, Ral_859, Ral_892) 
Tep3CT Rep A (Ral_40, Ral_109, Ral_138, Ral_208, Ral_228, Ral_287, Ral_304, 
Ral_307, Ral_321, Ral_324, Ral_357, Ral_358, Ral_362, Ral_370, Ral_374, Ral_386) 
Tep3CT Rep B (Ral_385, Ral_427, Ral_712, Ral_721, Ral_761, Ral_765, Ral_790, 
Ral_801, Ral_805, Ral_808, Ral_819, Ral_822, Ral_852, Ral_879, Ral_887, Ral_890). 
 
 Epistatic interactions between Tep3 and either Fadd or Dro6 were assessed by 
creating similar populations fixed for either both spring or both fall Tep3 alleles and 
either Fadd or Dro6 alleles. 
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Tep3CT Dro6G (Ral_40, Ral_109, Ral_304, Ral_307, Ral_357, Ral_374, Ral_385, 
Ral_440, Ral_712, Ral_805, Ral_822) 
Tep3TG Dro6G (Ral_91, Ral_142, Ral_239, Ral_317, Ral_486, Ral_508, Ral_509, 
Ral_535, Ral_589, Ral_783, Ral_810) 
Tep3TG Dro6T (Ral_21, Ral_45, Ral_73, Ral_105, Ral_149, Ral_227, Ral_229, Ral_360, 
Ral_379, Ral_716, Ral_737, Ral_894) 
Tep3CT Dro6T (Ral_57, Ral_83, Ral_93, Ral_208, Ral_228, Ral_287, Ral_324, Ral_406, 
Ral_409, Ral_443, Ral_492, Ral_802). 
 
Tep3TGFaddT (Ral_138, Ral_208, Ral_304, Ral_321, Ral_370, Ral_385, Ral_427, 
Ral_721, Ral_801, Ral_808, Ral_83, Ral_93) 
Tep3TG FaddA (Ral_228, Ral_287, Ral_307, Ral_324, Ral_357, Ral_358, Ral_362, 
Ral_374, Ral_380, Ral_383, Ral_40, Ral_409) 
Tep3CT FaddT (Ral_105, Ral_149, Ral_21, Ral_233, Ral_508, Ral_509, Ral_531, 
Ral_535, Ral_737, Ral_818, Ral_894, Ral_907) 
Tep3CT FaddA (Ral_142, Ral_227, Ral_229, Ral_256, Ral_280, Ral_317, Ral_318, 
Ral_360, Ral_371, Ral_379, Ral_45) 
 
Fly husbandry 
 Flies were reared in standard laboratory conditions (25ºC, 12:12 L:D) at 
controlled density in vials of Spradling cornmeal molasses food. Male flies were 
collected for infection at 3-5d using light CO2 anesthesia. Post infection flies were stored 
in groups of 10. 
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METHOD DETAILS  
Immune survival  
  The innate immune response was probed using two extracellular bacterial strains 
extracted from the hemolymph of wild-caught Drosophila: Providencia rettgeri, a Gram-
negative pathogen (Juneja and Lazzaro 2009) and Enterococcus faecalis, a Gram-positive 
pathogen. Post-infection survival was measured over repeated consecutive days and with 
infections performed in a random order. Flies were infected with cultures started with a 
single colony grown to saturation in LB media at 37ºC with shaking overnight and 
diluted to A600nm of 1.0. Infections were delivered at a concentration of approximately 103 
to 104 bacteria to each fly with a 0.15 mm minute pin (Fine Scientific Tools) dipped into 
the culture and pricked into the lateral thorax of a fly anesthetized on low levels of CO2. 
Two controls were used: a sterile wound by a needle disinfected in 95% ethanol and 
unwounded flies anesthetized on CO2 for the duration of the infection. Treatments were 
performed on groups of 10 males that were stored on standard food and mortality was 
counted daily for 5d after infection. 
 
Bacterial load 
 The systemic bacterial load of infected flies was quantified using the same 
infection method as the infection survival. From the natural populations, 20 lines from 
each of the 3 collection locations were infected; this was the maximum number of 
infections that could be performed during the 9a-12p daily infection window. All 
infections were repeated over two consecutive days by two infectors and the infector and 
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infection order was randomized daily using a random number system. Twelve males from 
each line were infected each day and maintained in vials with food at 25ºC, 12:12(L:D). 
24h after infection up to 3 replicate groups of 3 flies were homogenized in 500 mL of LB 
for the 2012 natural populations and up to three single flies were homogenized in 500 mL 
of PBS for the 2014 natural populations and candidate SNPs. The samples were then 
plated on LB agar plates at a dilution of 1:100 for P. rettgeri, 1:10 for E. faecalis natural 
populations and 1:1 for the candidate SNPs using a Whitley Automatic Spiral Plater (Don 
Whitley Scientific, Shipley, UK). The plates were incubated overnight at 37ºC and the 
number of colony forming units on each plate was counted using the ProtoCOL3 
automated plate counter (Synbiosis, Cambridge, UK). The number of colonies was used 
to calculate the concentration of bacteria in each homogenate. 
 
Expression data 
 Expression differences were determined using a published dataset of RNA-seq on 
192 inbred sequenced lines from the DGRP (Huang et al. 2015). We extracted the 
expression levels for Tep3, Dro6 and Fadd and used the sequence data from (Mackay et 
al. 2012) to identify the Tep3, Dro6 and Fadd haplotypes.  
 
Seasonal Microbiota 
 D. melanogaster samples were collected as part of the Drosophila Real Time 
Evolution Consortium (Dros-RTEC 12 unpublished samples; 
https://sites.sas.upenn.edu/paul-schmidt-lab/pages/opportunities). DNA was extracted as 
described in (Staubach et al. 2013). In short, the Qiagen QIAamp DNA extraction kit 
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protocol (Qiagen, Carlsbad, CA) was modified to include a bead beating step. A fragment 
spanning the v4 region of the bacterial 16S rRNA gene was amplified as described in 
(Caporaso et al. 2011) and (Kozich et al. 2013). The PCR products were gel purified and 
sequenced on an Illumina MiSeq sequencing 2x250bp. 
 
QUANTIFICATION AND STATISTICAL ANALYSIS  
Phenotypic statistical analyses 
 All statistical analyses were performed using the R software (v 3.2.2; The R core 
team 2012). Post-infection survival was measured daily and the survival 5 days post 
infection was analyzed using mixed model ANOVAs with the mean proportion survived 
standardized by the survival under control treatments. 
 
Survival / Control survival = Year*Population*Season + Line + Replicate 
 
With population, year and season as fixed effects and the random effects of replicate and 
line nested within season within population within year.  
 
The number of colonies is used to calculate the concentration of bacteria in each 
homogenate. The concentrations were log transformed and then analyzed using mixed-
model ANOVAs. 
 
log(count/mL) = Year*Population*Season + Line + Replicate 
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With population, year and season as fixed effects and the random effects of replicate and 
line nested within season within population within year. Infector and infection order were 
initially included in the model but had no significant effect and was removed. 
 
Seasonal SNPs 
 Seasonal immune SNPs were identified by screening for alleles that fluctuate in 
frequency as a function of seasonal time (Bergland et al. 2014) in 88 genes known to 
have significant immune function (Early and Clark 2013). The seasonal SNPs were cross-
referenced with a group of paired spring and fall samples collected from 10 populations 
along the North American cline by the Drosophila Real Time Evolution Consortium 
(Dros-RTEC 12 unpublished samples; https://sites.sas.upenn.edu/paul-schmidt-
lab/pages/opportunities). Additional information was collected on each SNPs including a 
clinal q-value (Bergland et al. 2014) and a p-value in a genome wide association study to 
identify SNPs involved with P. rettgeri pathogenic infection (Unckless et al. 2015). 
Enrichment for immune genes was calculated using customized python scripts that 
compared proportion of seasonal and non-seasonal immune genes to control genes that 
were matched for size and position using χ2 with 10,000 bootstrap iterations.  
 Linkage diseqilibrium (LD) among the candidate seasonal immune SNPs was 
calculated in the DGRP using allelic correlation of physical distances using the 
LDheatmap package (Shin et al. 2006) in R. The 205 sequenced inbred lines of the 
DGRP were used to examine LD among all of the candidate SNPs by chromosome 
(Mackay et al. 2012). 
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Seasonal genotypes 
 The genotypes from the wild populations were determined using a panel of inbred 
lines originally collected in Pennsylvania in the spring and autumn of 2012. The lines 
were inbred by full-sib mating for 20 generations and subsequently sequenced. Genotype 
deviation was calculated as the difference between observed frequency and a predicted 
frequency based on the individual alleles. The haplotype distribution of Tep3 was 
calculated for SNPs with a minor allele frequency greater than 0.1 using integer joining 
networks(Campylobacter Ecology and Evolution n.d.) in PopArt vs. 1.7 (Leigh n.d.).  
Expression data 
 The expression data for Tep3, Dro6 and Fadd was extracted from an RNAseq 
dataset of the DGRP (Huang et al. 2015). The lines were sorted by genotype based on the 
published DGRP data (Mackay et al. 2012) and differences among haplotypes was 
analyzed using a Welsh t-test in R. 
 
Seasonal Microbiota 
 Analysis was performed using MOTHUR (v.1.36.0) (Schloss et al. 2009). A 
detailed customized MOTHUR analysis script is available upon request. Figure S3 was 
visualized in R. Wolbachia sequences were removed from the analysis. 
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Figure 5-1 Immune defense relationship between bacterial load and survival in natural 
spring and fall populations. Isofemale lines were collected from natural orchard 
populations along a latitudinal gradient in Massachusetts (circle) Pennsylvania (triangle) 
and Virginia (square) in the spring (blue filled) and autumn (red outlined) for two 
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genes that have significant SNPs are labeled by name on the x-axis. The SNPs on which 
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Figure 5-3 Functional difference of seasonal Tep3 immune SNPs. Mean ± SE for 
bacterial load 24 hours post infection and survival 5 days post infection for the Tep3 
genotypes. (A) Higher survival for the spring genotype than the fall or combination 
genotypes when infected with E. faecalis df=2, χ2= 6.73, p=0.0346. (B) Additive effect of 
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Minimum spanning network illustrates that linkage disequilibrium among the SNPs is 
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Table S 5-1 Seasonal immune SNPs identified using whole-genome resequencing of the Pennsylvania spring and autumn populations 
across three consecutive years. SNPs with a seasonal q-value (SQ) < 0.3 are classified as seasonal and the SNPs investigated here are in 
bold. Most of seasonal SNPs do not have significant clinal q-values (CQ) and were not significant in a genome wide association study 
(GWAS) for response to P. rettgeri pathogenic infection [52]. The frequency of the SNPs at each collection date is indicated. 
Gene Position Effect Molecular Function SQ CQ GWAS 
PA 
7.09 
PA 
11.09 
PA 
7. 10 
PA 
11.10 
PA 
7.1 
PA 
10.11 
PA 
11.11 
Tep2 2L:2834400 Upstream modifier effector 0.242 0.956 0.253 0.887 0.746 0.889 0.617 0.846 0.694 0.776 
Tep3 2L:7703202 NS coding effector 0.243 0.159 0.420 0.657 0.356 0.515 0.361 0.500 0.424 0.590 
Tep3 2L:7703509 Upstream modifier effector 0.151 0.529 0.084 0.840 0.567 0.813 0.667 0.838 0.677 0.694 
Tep3 2L:7703518 Upstream modifier effector 0.220 0.643 0.084 0.825 0.554 0.803 0.671 0.831 0.710 0.706 
Tep3 2L:7703748 Upstream modifier effector 0.271 0.819 0.114 0.827 0.524 0.700 0.661 0.750 0.569 0.818 
Tep3 2L:7703757 Upstream modifier effector 0.291 0.956 0.632 0.748 0.476 0.488 0.541 0.664 0.367 0.618 
Tep3 2L:7705370 Upstream modifier effector 0.219 0.163 0.385 0.479 0.158 0.255 0.240 0.457 0.273 0.444 
bsk 2L:10247834 Intron signaling 0.300 0.822 0.255 0.716 0.680 0.571 0.500 0.826 0.470 0.778 
bsk 2L:10252450 Intron signaling 0.257 0.749 0.962 0.145 0.369 0.261 0.358 0.355 0.497 0.308 
Tep1 2L:15887030 Downstream modifier effector 0.227 0.188 0.089 0.590 0.841 0.647 0.889 0.732 0.846 0.789 
Tep1 2L:15888031 Downstream modifier effector 0.221 0.520 NA 0.000 0.368 0.063 0.360 0.000 0.013 0.012 
cact 2L:16309682 Downstream modifier signaling 0.135 0.782 0.829 0.850 0.667 0.649 0.426 0.704 0.407 0.474 
cact 2L:16310896 Downstream modifier signaling 0.235 0.635 0.375 0.671 0.432 0.700 0.239 0.533 0.441 0.552 
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cact 2L:16318067 Intron signaling 0.281 0.719 0.335 0.592 0.474 0.550 0.382 0.551 0.256 0.627 
sick 2L:19923496 Intron signaling 0.232 0.032 0.505 0.096 0.047 0.130 0.048 0.328 0.053 0.269 
IM1 2R:14270817 Upstream modifier effector 0.256 0.695 0.423 0.358 0.075 0.571 0.193 0.213 0.115 0.390 
Dro6 3L:3334769 Upstream modifier effector 0.201 0.427 0.000 0.770 0.613 0.814 0.612 0.798 0.489 0.625 
Drs-l 3L:3336529 Upstream modifier effector 0.251 0.975 0.028 0.778 0.483 0.893 0.768 0.783 0.682 0.813 
GNBP1 3L:18671289 Downstream modifier recognition 0.187 0.150 0.729 0.116 0.458 0.240 0.393 0.230 0.315 0.271 
GNBP2 3L:18671295 Downstream modifier recognition 0.218 0.167 0.666 0.144 0.472 0.255 0.407 0.257 0.344 0.294 
Fadd 3R:17861054 UTR 3'modifier signaling 0.200 0.006 0.822 0.669 0.250 0.369 0.353 0.638 0.411 0.410 
Fadd 3R:17861073 UTR 3'modifier signaling 0.287 0.425 0.712 0.734 0.351 0.407 0.407 0.613 0.467 0.459 
kay 3R:25600668 Intron signaling 0.200 0.588 0.743 0.686 0.453 0.607 0.464 0.636 0.383 0.475 
Tak1 X:20388404 Intron signaling 0.227 0.326 0.964 0.575 0.032 0.273 0.135 0.271 0.150 0.217 
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Table	S2.	Tep3	haplotypes	in	the	2012	Pennsylvania	population.		Focal	SNPs	are	highlighted	in	black	and	the	genotype	combinations	are	highlighted:	spring	(blue),	fall	
(red),	high-frequency	combination	(purple),	rare	combination	(grey)
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CHAPTER 6   
 
NATURAL VARIATION IN COUCH POTATO INVOVLED  
IN RAPID EVOLUTION OF LEARNING  
IN NATURAL POPULATIONS OF DROSOPHILA MELANOGASTER 
 
ABSTRACT 
 Behaviors contribute both directly and indirectly to an organisms’ survival or 
reproductive success and therefore may evolve to maximize fitness. Learning is used by 
organisms in many aspects of their biology to modify their behavior based on previous 
experiences to increase survival or reproduction. Learning is assumed to evolve if the 
benefits of learning are strong and increase fitness despite potential costs. Despite the 
significance of learning, the rate at which this complex behavior evolves is unknown. 
Here, we investigate the rate of learning evolution in natural populations of Drosophila 
melanogaster. We assess learning in natural populations collected across seasonal time 
using classical conditioning methods in the laboratory complemented with a natural field 
environment. We show that learning evolves rapidly from spring to fall over replicate 
years. The differences in learning across seasonal time are associated with seasonally 
cycling haplotypes in the RNA binding protein couch potato (cpo). The differences in 
learning ability across populations suggest that the benefits of learning drive its evolution 
but also imply certain costs or else all individuals would learn maximally well. We test 
the hypothesis that the differential expression of couch potato regulates a fitness trade-off 
between learning and reproductive output. Together, we show that learning is among a 
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suite of fitness-associated traits that evolve rapidly in natural populations of D. 
melanogaster across seasonal time and cpo facilitates trade-offs between learning and 
reproductive output. 
 
INTRODUCTION 
Cognitive abilities may evolve to match the cognitive demands posed by an 
organism’s biological and physical environment (Healy and Jones 2002; Smid and Vet 
2016). Learning is a cognitive process that is integral for many aspects of an organism’s 
biology including feeding, predator avoidance, aggression, social interactions, and sexual 
behavior (Dukas 2005; Yurkovic et al. 2006; Dukas 2008; Stensmyr et al. 2012; Kacsoh 
et al. 2013; 2015; Mansourian et al. 2016). The process of learning involves the 
acquisition of new information, it’s storage in memory, and the retrieval of information to 
modify behavior based on previous experiences to increase survival or reproduction  
Cognitive enhancement is predicted to be selected in populations that live in 
energetically challenging environments (e.g., cold winters or severe droughts) when 
environmental conditions affect energy trade-offs in a way that cognitive performance is 
maintained or improved at the cost of other physiological systems (e.g., reproduction) 
receiving less energy (Maille and Schradin 2017). It is generally assumed, although not 
thoroughly tested, that learning is adaptive in variable environments when the fitness 
consequences of a given behavior change across generations or within an individual’s 
lifespan (Stephens 1991; West-Eberhard 2003; Dukas 2008). Learning may be important 
for local climatic adaptation; for example, within and among species variation in cache 
recovery in birds correlates with environmental severity, suggesting that learning may be 
   141 
important for overwintering survival in harsher environments (Olson et al. 1995; 
Bednekoff et al. 1997; Pravosudov and Clayton 2002). However, learning is costly in 
terms of time and energy as well as the risks associated with making mistakes, therefore 
trade-offs are predicted with the hypothesis that an unconditional, genetically fixed 
response is beneficial in predictable environments. Therefore, as an environment oscilates 
between stable and variable stages, learning ability may evolve rapidly as it is 
alternatively favored and selected against.  
 Inter and intra species variation in learning ability implies a physiological cost of 
learning. A reproductive cost of learning is hypothesized because resources that might be 
invested in development of reproductive tissue may be diverted to develop and maintain 
costly neural tissue required for learning and memory (Mayr 1974; Johnston 1982; Dukas 
1998) This is supported by negative correlations between learning and reproduction in 
fruit flies (Drosophila melanogaster; Mery and Kawecki 2003)and the cabbage white 
butterfly (Pieris rapae; Snell-Rood et al. 2011) and a decrease in spatial learning ability 
in female deer mice (Peromyscus maniculatus) during the breeding season (Galea et al. 
1994). However, artificial selection in D. melanogaster indicates independent trajectories 
of cognitive and reproductive aging, indicating some differences in the genetic 
architecture of these traits with age (Zwoinska et al. 2017). 
Little is known about the genetic basis of learning in natural populations. 
Artificial selection for improved D. melanogaster learning in the laboratory infers large 
standing genetic variation in learning ability in natural populations, but the genes 
underlying the experimentally induced evolutionary changes have not been identified 
(Mery and Kawecki 2002; Zwoinska et al. 2017). While mutants with strong defects in 
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learning and memory have been identified in some model organisms (Davis 2005), these 
mutant alleles usually have other deleterious effects that would presumably be strongly 
selected against in the wild (Waddell and Quinn 2001; Fitzpatrick et al. 2005). Natural 
genetic variation in learning may involve milder alleles of those loci or some other novel 
loci altogether. There is evidence that many learning genes have broad pleiotropic effects 
(Dubnau et al. 2003; Butcher et al. 2006), which may result in possible costs and trade-
offs involved in the evolution of learning (Dukas 2008). One example of this is the 
natural polymorphism at the foraging (for) locus in D. melanogaster that effects learning 
as well as a variety of ecologically important traits (Mery et al. 2007). Therefore, 
improvement on learning may evolve because of the fitness benefits of learning or as a 
byproduct of selection on correlated traits. 
Oscillations in the environment between the energetically challenging winter and 
the predictable plentiful resources during the summer produce cyclic selection pressures 
to which natural populations of Drosophila melanogaster rapidly evolve for a suite of 
traits. Here, we test if cognitive abilities can evolve rapidly across seasonal time in wild 
D. melanogaster. We find learning ability to evolve rapidly over the 10-15 generations 
separating the time points with higher learning in spring than the fall at the cost of 
reproduction. We show that natural variants of the gene couch potato (cpo) regulate this 
trade-off between learning and reproduction. 
 
RESULTS AND DISCUSSION 
 Learning in wild D. melanogaster populations evolved rapidly and repeatedly 
across 10-15 generations from spring to fall. Spring populations learned to avoid odors 
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paired with aversive shock (Mery and Kawecki 2005) better than fall flies (!!!=4.369, 
p=0.0358; Figure 1, Table S1). These behavioral differences were not due to seasonal 
differences in ability to perceive odor, as there was no effect of season in absolute 
preference between odor and solvent in unconditioned flies (!!!=0.2407, p=0.623267; 
Figure S6-1, Table S6-1). While the shock learning may not necessary extrapolate to a 
complex natural environment with a larger spatial scale and multiple competing stimuli 
(Dukas and Morse 2005), the spring populations also demonstrated higher learning using 
positive association in natural mesocosms (Figure 6-1B). Spring populations were better 
at learning the association between food odor and quality and they tended to return to the 
known high-quality food source at higher frequency than the fall populations (!!!= 2.555, 
p=0.109; Table S6-1). Rearing and testing these populations in common laboratory 
conditions removes environmental effects, so differences among the populations can be 
attributed to genetic changes in the population. Genomic sequencing excludes migration 
from contributing seasonal changes in the population (Bergland et al. 2014), therefore, 
the rapid and repeatable learning differences across seasonal time are a result of natural 
selection. 
 The rapid change implies a cost associated with learning or pleiotropic effects of 
loci that affect learning but have alternative alleles favored in spring versus fall. Wild D. 
melanogaster collected across seasonal time show a population-level negative correlation 
between learning and reproduction with higher learning and lower fecundity in the spring 
compared to the fall (Chapter 3). We tested a trade-off at the individual level using 
aversive learning to sort virgin females into “learners” and “non-learners”. Females that 
did not learn to avoid the odor laid approximately six more eggs each day; this 
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significantly increased in daily reproductive by approximately 25% (!!"=-3.0099, 
p=0.0067, Figure 6-1C). The reproductive cost of learning may underlie the seasonal 
oscillations through indirect selection on elevated reproductive output throughout the 
summer (Chapter 3). 
 We found that natural variation in the RNA binding protein couch potato (cpo) is 
involved in integrating a trade-off between learning and reproduction. cpo is essential for 
normal fly behavior and is involved in transcriptional regulation in the central and 
peripheral nervous system with high expression in the mushroom body of the brain 
(Bellen et al. 1992b) that is critical neuronal focus for olfactory learning (Heisenberg et 
al. 2009). Highly pleiotropic, cpo affects a variety of life history traits that correlate with 
learning, including fecundity and ovarian diapause (Schmidt et al. 2005b; Schmidt and 
Paaby 2008). Flies containing the spring cpoTTA haplotype (Chapter 4) had higher 
negative associative learning than those that had the fall cpoCGT haplotype across all rest 
durations (!!!=34.8802, p=3.506-9; Figure 6-3A, Table S6-2). The difference in learning 
was not due to a distinction in ability to perceive odor, as there was no difference 
between flies containing the haplotypes in the absolute preference control or in the 
relative odor preference of naïve flies (Table S6-2, Figure S6-2). The flies containing 
cpoTTA haplotype also had higher positive association learning when assessed in the 
natural mesocosms (!!!=3.6177, p=0.05717). Overall, the patterns in flies containing the 
cpo haplotypes are consistent with the natural populations with higher learning and lower 
reproduction (Chapter 4) in the spring compared to the fall, suggesting that natural 
variation in cpo may serve as a key integrator for sensing and responding to 
environmental changes.  
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 Differential expression of cpo may regulate the trade-off between learning and 
reproduction. cpo is highly expressed in the central and peripheral nervous system 
(Bellen et al. 1992b) and cpo expression effects fecundity and other reproductive traits 
(Schmidt et al. 2008). Two of the three SNPs that compose the seasonal cpo haplotype 
are intronic and may affect regulation; flies containing the cpoTTA haplotypes have 
significantly lower cpo expression than those containing cpoCGT haplotype (Chapter 4). 
We tested the affects of cpo on learning using GAL4-UAS constructs to knock out cpo in 
specific tissues. cpo had a tissue-specific affect on learning (!!!=14.2647 p=0.014012); 
there was no affect on learning when cpo was knocked out in the wing actin control, 
central nervous system or ventral nerve cord, but reducing cpo in the sensory neurons and 
the ovarian follicle cells reduced learning (Figure 6-3C). This indicates that normal cpo 
expression in the peripheral nervous system and the ovaries is necessary for learning and 
provides helps regulate the trade-off between learning and reproduction. 
CONCLUSIONS 
 We address fundamental questions about the evolution of learning by 
investigating the rate of evolution and the genetic basis of costs of learning in natural 
populations. We show that behaviors can and do evolve rapidly in natural populations 
despite the traditional assumption that evolution is a slow and gradual process. Learning 
is generally considered to be a plastic behavior that allows organisms to respond rapidly 
to environmental change (Crombach and Hogeweg 2008), but we demonstrate that 
learning itself can evolve incredibly rapidly in natural populations over the course of 10-
15 generations. This is among the first studies of intra-species learning differences and it 
uniquely addresses the rate that the population differences in learning evolve in the wild.  
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 Our work demonstrates that the evolution of learning involves selection on 
variation in novel learning genes, such as cpo, which has no previous known association 
with learning. We show that cpo expression effects learning ability and regulates the 
trade-off between learning and reproduction. The overall force of selection acting on cpo 
haplotypes in the wild will reflect the aggregate impact of their pleiotropic effects on 
survival and reproduction. The high level of pleiotropy in cpo and the natural learning 
variant in for implies that evolutionary changes in learning ability is correlated with 
changes in other ecologically relevant traits. Improvement in learning may evolve as a 
byproduct of natural selection on the other correlated traits rather than because of the 
fitness advantages of learning itself. Whether learning is part of a coadapted alternative 
strategy or is a mechanistic consequence of selection on correlated traits, the learning 
differences between cpo haplotypes are likely to contribute to selection in natural 
populations. Together, provides insight into how gene regulation integrates phenotypic 
trade-offs involved in evolution in natural populations. 
 
 
METHODS 
Drosophila samples 
Natural populations 
 Seasonal difference in learning ability was assessed using three independent 
comparisons of spring and fall D. melanogaster natural populations collected across three 
consecutive years (Chapter 3). Populations from each collection point were created in the 
laboratory by mixing 40 isofemale lines with at least 10 non-overlapping generations of 
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random-mating. This common garden approach infers that differences in learning ability 
among the population will be due to genetic changes in the populations.  
 
cpo haplotypes 
 Learning ability of natural polymorphisms in cpo were tested. Temperate (cpoTTA) 
and tropical (cpoCGT) haplotypes were identified based on alleles that vary as a function 
of latitude and seasonal time (Bergland et al. 2014). Recombinant populations fixed for 
either temperate or tropical alleles with a heterogeneous background were created mixing 
lines from the Drosophila Genetics Reference Panel (Mackay et al. 2012) that were 
consistent for either cpoTTA or cpoCGT alleles and allowing at least 10 non-overlapping 
generations of random mating (Chapter 4).  
 
cpo knockdown 
 We used the UAS/GAL4 system to express dsRNA for RNA interference (RNAi) 
to silence cpo expression. Two biological replicate UAS constructs were paired with 
insertion site controls located on the second and third chromosomes, respectively, from 
the Transgenic RNAi Project (TRiP): (BDSC-60388 with attP40 control BDSC-36304) 
and (BDSC-28360 with attP2 control BDSC-36303).  
 The hypothesis that lower cpo expression increases learning was tested using lines 
that drive GAL4 expression in the mushroom, ellipsoid and fan shaped bodies, 
subesophageal ganglion, antennal & optic lobes, protocerebrum & median bundle 
(BDSC-30818). Three cpo-specific steroid-activated Gal4 geneswitch drivers were used 
knock out cpo in trachea-associated cells and subsets of ventral nerve cord and sensory 
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neurons (BDSC-4008), in a subset of sensory neurons (BDSC-4009) and in in sense 
organ support cells and subsets of ventral nerve cord, brain and sensory neurons(BDSC-
4010). BDSC-1803 expresses GAL4 in the follicle cells and was used to test the 
hypothesis that cpo regulates a trade-off between learning and reproductive output. 
BDSC-38461 was used as a negative control to express GAL in direct flight muscles 
under control of the Actin 88F promotor. All pairwise crosses were made and tested for 
learning. 
 
Learning 
Aversive shock learning in the laboratory  
 We used an aversive olfactory learning assay in which flies are conditioned to 
associate the smell of one of two odorants to an aversive mechanical shock (Mery and 
Kawecki 2005). Flies were reared in standard laboratory conditions at controlled density 
and sorted into standardized group size by sex under light CO2 anesthesia 24h prior to the 
learning assessment at 3-5d. Single-sex groups of 30 flies were conditioned to associate 
either methylcyclohexanol (MCH, 800 uL/L) or 3-octaol (OCT, 600 uL/L) with a 
mechanical shock (CS+). Three cycles of conditioning occurred: 30s exposure to one odor 
paired with mechanical shock (pulsating 1s every 5s), 60s break of humid air, 30s 
exposure to other odor with no shock (CS-), 60s humid air. After a rest period of 1 hour 
unless otherwise noted, flies had 60s to choose between odorants in an elevator T-maze. 
Replicate sets of flies were conditioned to avoid both odorants. Controls for absolute 
preference subjected flies to mechanical shock cycle without odorant before presenting a 
choice between a single odorant and the solvent in the T-maze. Controls for relative 
   149 
preference tested innate odor preference in naïve flies and flies exposed to mechanical 
shock without odorant by giving a choice between the two odors in the T-maze. 
Positive conditioning in a natural environment  
 The learning assays were adapted from previously developed food substrate based 
learning (Mery and Kawecki 2002; Zrelec et al. 2013), but were implemented in a natural 
setting at an experimental orchard. Flies were reared in standard laboratory conditions at 
controlled density and 3d cohorts were sorted into groups of 50 by sex. Flies were 
marked by treatment using fluorescent powder according to learning treatment and source 
population and kept for 12h on an agar substrate. The flies were exposed to either 
strawberry or apple food for 8h and had a 4h rest period on a fresh agar substrate before 
being released into the outdoor testing phase. Flies from each treatment and season 
combination were released together into the same outdoor mesocosm, a 2x2x6’ mesh 
cage with plant bedding covering the ground. Each mesocosm was placed underneath a 
peach tree inside a larger 6’- cubed cage. Eight pairs of strawberry and apple 
unidirectional traps were dispersed around the mesocosm and flies were scored as 
learning if they selected the same food type that they had been previously exposed to 
during the training period. The powder marking was an effective method of labeling the 
flies and all of the trapped flies showed traces of the powder; this also indicates that no 
additional flies entered the cages from outside. 
 
Fecundity 
 Virgin females from the spring 2013 and 2014 populations were collected and 
held in vials of standard food for 3d. During the second replicate the food was 
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supplemented with topic yeast to promote ovule development. Flies were conditioned to 
avoid one of the two odors and sorted by learning response using the T-maze. Up to 5 
flies from each choice (learn and no-learn) were placed onto food with 5 males; on the 
first replicate the flies were housed on standard food and on the second replicate they 
were placed on grape-agar food. Daily fecundity was counted for 3d post learning. 
 
qPCR 
 Quantitative PCR (qPCR) on adult females was performed to test if 
transcriptional expression of cpo was distinct among spring and fall populations that 
learned and those that did not learn. Mated female flies ages 3-5 days were preserved in 
RNAlater. RNA was isolated using Qiagen Rneasy Kit with an additional step of tissue 
homogenization using Qiagen QIAshredder. Quality and quantify of RNA was 
determined using a NanoDrop ND-1000 spectrophotometer (Thermoscientific). Reverse 
transcription using primers designed for cpo with a probe (cpo 145 forward: 
ACGGCACAAAAACCAGTTAAA and cpo 145 reverse: 
TTGGCTATTTTGACGAGTCAGTT) were used to synthesize cDNA, which was then 
quantified using taqman qPCR (ThermoFisher Scientific). The expression levels were 
standardized in comparison to two endogenous housekeeping genes (Life technologies, 
RpL32 and Rpll140). ΔCq was calculated as the difference between expression level of 
cpo and the mean expression of the two housekeeping genes. 
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Statistical analysis 
 All statistical analyses were performed using the R software (R Core Team, 
version R 3.2.2). We modeled proportion of flies selecting CS+ using generalized linear 
models with mixed effects fit by maximum likelihood (package lme4, Bates et al. 2015). 
To test for the significance of main effects and interactions, we used type II Wald chi-
square test from the package car and functional analysis of variance (ANOVA) (Fox and 
Weiberg 2010). Flies that chose no odor and remained in the center of the T-maze were 
excluded from analysis. Proportion of flies learning was plotted scaled from -1 (all select 
CS+) to 1 (all select CS-) with 0 indicating no learning. 
For the seasonal populations, we used the following model: 
 
 Response = Season + Year + CS + Replicate 
 
where Season, Year and CS are fixed effects and Replicate is a random effect. 
The effect of the natural cpo haplotypes determined using the following model: 
 
 Response = Genotype + Sex + CS + Rest Duration + Replicate 
 
where Genotype, Sex, CS+ and Rest Duration are fixed effects and Replicate is a random 
effect. 
To assess the RNAi knockouts, we used the following model: 
 
 Respone = cpo*Gal4*CS + UAS + Food + Replicate 
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where cpo (presence or absence), Gal4 (location), Sex and CS+ are fixed effects and UAS 
driver, Food and Replicate are random effects. 
 A paired T-test was used to compare the reproductive output of flies that learned 
and those that did not learn. Only vials with positive learning scores were used in the 
analysis. 
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Figure 6-1 Learning methods (A) Aversive shock learning in the laboratory exposed flies 
to two odors, one of which was paired with a mechanical shock. Flies were presented the 
choice of both odors in a T-maze and learning was scored as avoiding the shock-paired 
odor. (B) Positive conditioning exposed flies to one of two foods. Flies were labeled by 
treatment with fluorescent powder and released into a natural mesocosm and presented 
both foods in unidirectional traps. Learning was scored as selecting the food on which 
they had previously had a positive eating experience. 
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Figure 6-2. Spring flies learn better than fall flies in response to aversive shock 
conditioning in the laboratory (A) and positive conditioning in a natural orchard setting 
(B). Circles indicate mean ± SE of proportion of flies learning. (C) Larger average 
number of eggs laid by non-learning flies compared to flies that learned. Pairwise 
differences in average daily reproduction plotted in triangles and circles indicate mean ± 
SE difference by year.  
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Figure 6-3 Spring cpo haplotype learns better than fall haplotype in response to aversive 
shock conditioning in the laboratory (A) and positive conditioning in a natural orchard 
setting (B). (C) Effects of tissue specific cpo knockout on learning. Removal of cpo in a 
subset of sensory neurons using Gal4 driver bdsc4009 removes learning compared to the 
controls. Removal of cpo in other areas of the brain and nervous system (bdsc30818, 
bdsc4008, bdsc4010) has no effect on learning, nor does removal of cpo in the wing 
filament actin (bdsc38461). Removing cpo in the follicle cells (bdsc1830) also removes 
learning. Circles indicate mean ± SE of proportion of flies learning. 
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Figure S 6-1 Natural popualtion learning controls. No difference between spring and fall 
populations in ability to perceive odor in the absolute preference control.  
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Figure S 6-2 couch potato odor controls. (A) No difference in flies containing the cpo 
haplotypes in ability to perceive odor in absolute preference comparison. (B) No 
difference in relative preference of the two odors in naïve flies, but the cpo haplotypes 
have difference odor preference after shaking treatment with water.
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Table S 6-1 Analysis of deviance table for seasonal 
differences in learning in natural populations using a 
Wald II χ2 test. 
y ~ Year + Month + Sex + CS + (1 | Rep) 
 
 
Chisq Df Pr(>Chisq) 
 Learning aversive shock 
  Year 0.6586 2 0.719 
 Month 4.3697 1 0.0366 * 
Sex 2.0651 1 0.151 
 CS 346.2244 1 < 2-16 *** 
     Shock control 
   Year 9.4056 2 0.00907 ** 
Month 0.2407 1 0.62367 
 Sex 0.1941 1 0.65957 
 Scent 0.0063 1 0.93691 
 
     Outdoor mesocosm 
   Year 12.4801 2 0.00195 ** 
Season 2.5553 1 0.10993 
 Sex 3.6682 1 0.05546 . 
Train 1479.8761 1 < 2-16 *** 
   159 
     
 
Chisq Df Pr(>Chisq) 
 Learning aversive shock 
   Genotype 34.8802 1 3.51-9 *** 
Sex 6.7149 1 0.009561 ** 
CS 165.5187 1 < 2.2-16 *** 
Time 57.0717 2 4.05-13 *** 
     Shock control 
   Genotype 8.4607 1 0.003629 ** 
Sex 0.23 1 0.631554 
 Odor 1.8377 1 0.17522 
 Time 62.3403 2 2.90E-14 *** 
     Odor control 
   Genotype 3.2233 1 0.0726 . 
Sex 0.628 1 0.4281 
 Odor 122.7289 1 <2-16 *** 
CS 0.0508 1 0.8217 
 
     Outdoor mesocosm 
   Genotype 3.6177 1 0.05717 . 
Sex 0.0996 1 0.75226 
 Train 402.3024 1 <2.00-16 *** 
 
  
Table S 6-2 Analysis of deviance table for flies containing 
couch potato haplotypes in learning using a Wald II χ2 test.  
 y ~ Genotype + Sex + CS + Time + (1 | Rep) 
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Table S 6-3 Analysis of deviance table for learning in flies with tissue 
specific couch potato knockout using a Wald II χ2 test.  
y ~ cpo * Gal4 * Sex * CS + (1 | Day) + (1 | UAS) + (1 | Food) 
 
 
Chisq Df Pr(>Chisq) 
 cpo 1.5013 1 0.220467 
 Gal4 10.8894 5 0.053617 . 
Sex 3.2846 1 0.069934 . 
CS 27.315 1 1.73E-07 *** 
cpo:Gal4 14.2647 5 0.014012 * 
cpo:Sex 0.086 1 0.769357 
 Gal4:Sex 14.0117 5 0.015535 * 
cpo:CS 0.1567 1 0.692195 
 Gal4:CS 18.7847 5 0.002108 ** 
Sex:CS 2.1446 1 0.14307 
 cpo:Gal4:Sex 8.297 5 0.140611 
 cpo:Gal4:CS 7.0191 5 0.219222 
 cpo:Sex:CS 3.5328 1 0.060168 . 
Gal4:Sex:CS 6.8377 5 0.232996 
 cpo:Gal4:Sex:CS 3.6433 5 0.601818 
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CHAPTER 7  
 
CONCLUSIONS AND FUTURE DIRECTIONS  
FOR UNDERSTANDING SEASONAL ADAPTATION 
RAPID PHENOTYPIC ADAPTATION ACROSS SEASONAL TIME 
 The goal of this dissertation was to identify the rate of phenotypic evolution in 
natural populations of Drosophila melanogaster and to dissect the genetic architecture 
that underlies the rapid evolutionary response to seasonal changes in the environment. I 
have demonstrated that a whole suite of physiological and behavioral traits evolved 
rapidly across seasonal time in Drosophila melanogaster: stress resistance (Chapters 2 & 
3), reproduction (Chapter 3), development (Chapters 2 & 3), innate immune response 
(Chapter 5), learning behavior (Chapter 6) and larval behavior (Appendix B). Spring 
populations were characterized by elevated stress resistance, faster development, higher 
infection survival and better learning while fall populations had higher reproductive 
output; this encapsulates the classic life history trade-off between reproduction and 
somatic maintenance (Stearns 1992). The rate of change was incredibly rapid over the 
scale of only several generations (Chapter 1) with an approximate 10-15 generations 
between the furthest endpoints. My dissertation research demonstrates that suites of traits 
evolve rapidly in adults over seasonal time, but more work is required to understand 
selection on developmental stages (e.g., Appendix B) and the interactions among the 
traits and how organisms respond as a whole to simultaneous competing environmental 
selection pressures.  
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ABIOTIC AND BIOTIC ENVIRONMENTAL SELECTION  
ACROSS SEASONAL TIME 
 This work primarily draws from the focal collection site, Linvilla Orchard, Media, 
PA, but the parallel seasonal patterns were observed in additional orchards when they 
were tested (Chapters 3 & 5). I find correlations between abiotic environmental variables 
over space and time with the phenotypic response of the population. Further work should 
investigate how the biotic environment changes in association with natural populations 
across space and time. Organisms exist in dynamic communities where biotic interactions 
generate fitness effects ranging from mutualistic symbiosis to pathogenesis. Across a 
variety of host systems, intestinal microbiota and endosymbionts affect an organism’s 
phenotypic performance with influences on physiology and metabolism, contributions to 
immunity and alternations of behavior (Grice and Segre 2012; Broderick and Lemaitre 
2012; Ezenwa et al. 2012; Sommer and Bäckhed 2013; Chrostek et al. 2013; Alcock et al. 
2014).  
 Preliminary results show that the microbiota associated with wild D. 
melanogaster may undergo complete and rapid turnover across seasonal time (Chapter 5). 
These samples demonstrate that the entire microbial community associated with wild 
flies changes as a function of season, but it cannot distinguish external bacteria on the 
flies’ surface from commensal microbiota in the gut or pathogens in the hemocoel(Ren et 
al. 2007). These differences in bacterial community may correlate with temperature or 
food substrate (Corby-Harris et al. 2007; Staubach et al. 2013), both of which vary as a 
function of season in natural orchards. This may reflect endogenous seasonal dynamics 
driving the distribution of microbial symbionts; the change in microbiota associated with 
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D. melanogaster across seasonal time parallels the temporal patterns of gut microbiota in 
wild mice (Maurice et al. 2015). The bacteria associated with wild Drosophila (Chapter 
5) were primarily involved with oxidizing and metabolizing sugars in the fermentation 
and rotting process (Hammes and Vogel 1995; Gupta et al. 2001; Cleenwerck et al. 2002; 
Raspor and Goranovič 2008). These bacteria are generally found in mutualistic 
relationships in the gut of flies; a better understanding of the microbiome of wild flies 
will help elucide the role of biotic variables of selection in natural populations. 
 Current understanding of life history adaptation is based on the assumption that a 
single organism responds to environmental selection pressures on host the genotype (Fig 
1A). This may overlook an important component, the microbiome, which has been 
described as a “second genome” (Grice and Segre 2012). We are just beginning to 
understand full effects of the microbiome on the host with influences on physiology and 
metabolism, contributions to immunity and alternations of behavior (Grice and Segre 
2012; Broderick and Lemaitre 2012; Ezenwa et al. 2012; Sommer and Bäckhed 2013; 
Alcock et al. 2014). It is possible that indigenous microbiota shape host life history traits 
and assist in adaptation (Fig 1B).   
   164 
 
 
 
  Drosophila melanogaster are a saprophytic fungal specialist intimately associated 
with the surrounding microbes on which they feed. The bacteria associated with natural 
populations of D. melanogaster varies across species range and food substrate (Corby-
Harris et al. 2007; Staubach et al. 2013) (Chapter 5). They have very restricted gut 
microbiome and low diversity (Chandler et al. 2011); this simple system is ideal to begin 
understanding the role of microbiome in adaption. Manipulation of microbiome in the lab 
can recapitulate latitudinal and seasonal phenotypic variation (Chaston et al. 2014) 
consistent with wild microbiome distribution (Reinhardt et al. 2014; Chapter 5): high-
latitude and spring populations are characterized by high stress resistance and a dominant 
Lactobacillus community, which increases somatic maintenance in lab manipulations 
(Chaston et al. 2014). Low-latitude and fall populations are less stress resistant with higher 
reproduction, corresponding with a shift in the bacterial community from somatic 
A. Current model B. Proposed model
environment environment
genotype genotype
Acetobacter Lactobacillus
early 
reproduction
somatic
maintenace
early 
reproduction
somatic
maintenace
Figure 7-1. Microbiota influence on animal life history A) Current 
models attribute life history variation to environmental selection genotype. 
B) I propose environmental and/or genetic selection on the microbiota 
favor Acetobacter (high fecundity) or Lactobacillus (stress resistance) in 
different environments. 
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maintenance promoting Lactobacillus to reproduction inducing Acetobacter. Microbiota 
variation may be sufficient to confer biologically meaningful phenotypic changes on the 
host over seasonal and spatial gradients and interaction with the microbiome may alter the 
evolutionary trajectory of a population. 
This work will provide transformative definitions of environmental and genetic 
interactions with the microbiota, genetic mechanisms for microbiota influence of life 
history variation, and the role of microbial communities during adaptation in a natural 
environment. Identifying rapid adaptation to differing microbiota over the course of a 
season has exciting implications for adaptation in a moving landscape. Switching 
microbiota or frequency of endosymbionts (Appendix C) may be a fast method to alter life 
history and aid in adaptation to novel environments, but this “quick fix” may slow or limit 
evolutionary processes in the host’s genome. The role of the host genome, microbiome 
and their interactions is essential to identify the process of adaptation in nature. 
 
GENETICS OF SEASONAL ADPTATION 
Throughout the dissertation I show that the genetic basis of the seasonal trait 
changes is complex. Previous work with collaborators demonstrates that there are 
hundreds of alleles that cycle in frequency across seasonal time (Bergland et al. 2014). 
This cyclic selection may be a way to maintain variation in the population. In Chapter 3, I 
show that SNPs with functional effects cycle across seasonal time and the effect size of 
the SNPs is varies based on the trait; thermal resistance has moderate effect size while 
starvation resistance has many loci of small effect and a few with large effect. However, 
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the genetic architecture underlying the rapid phenotypic change is much more complex; 
the variance-covariance matrices change rapidly across seasonal time (Chapters 2, 3). 
The traits are affected by a large number of pairwise epistatic interactions, some of which 
affect multiple traits. This builds a network of interactions forming a core of interactions 
that affect many traits and highly interconnected trait-specific periphery networks. 
Examining specific epistatic interactions shows that having the spring or fall alleles 
together increases fitness (Chapters 4, 5) in response to abiotic and biotic selection 
pressures. We are beginning to understand the dynamic nature and the complexities of the 
genetic architecture across seasonal time, showing that epistasis is pervasive and forms 
interaction networks, but it is not clear if these interactions persist over time or if they too 
change like the G-matrices. Moving from annual sequencing of pooled allele frequencies 
to individuals will help uncover these questions of long-term stability of genetic 
architecture. 
EFFECTS OF GENE FLOW AND MIGRATION 
 
 This work identifies selection as the evolutionary force driving the phenotypic 
and genetic change in the population through process of elimination. The primary forces 
of evolution are selection, gene flow, drift and mutation. The repeatability of the patterns 
across replicate years and locations provides strong support that this is a deterministic 
process and is not driven by random genetic drift. Novel mutation is excluded as a 
possibility because many of the seasonal alleles are quite old and predate the species split 
between D. melanogaster and D. simulans (Bergland et al. 2014). However, gene flow 
through migration is a possible explanation for the observed seasonal changes; many 
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traits that increase throughout the summer are traits that characterize low-latitude 
populations, so it is possible that an influx of low-latitude individuals would drive the 
observed pattern. We use bioinformatics to exclude gene flow as contributing to the 
changes in allele frequencies and then extrapolate to say that if migration is not 
contributing at the genomic level it is not affecting the phenotypes. Population cage 
experiments demonstrate that the populations continue to evolve at the same rate in an 
environment closed to gene flow (Schmidt et al., unpublished). However, because one 
migrant per generation is sufficient gene flow (Wright 1943), further investigation is 
needed about the rate of migration in natural populations in natural populations and the 
effects on gene flow on the seasonal phenotypic and genomic pattern
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APPENDIX A 
META-ANALYSIS OF GLOBAL DROSOPHILA PHENOTYPIC CLINES 
 
SUMMARY 
 
 Latitudinal clines are commonly used to infer the relationship between genotype, 
phenotype and the environment that are driven by natural selection and reflect the 
adaptive process (Endler 1977). Examination of parallel patterns across closely related 
species provides additional evidence that natural selection, and not other evolutionary 
forces, is driving the observed patterns. Here I accumulated information about latitudinal 
clines for a variety of life history traits across multiple continents for different species of 
Drosophila to use a reference from which we can infer patterns of adaptation to different 
environments (Table 1)
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Table A-1 Summary of phenotypic clines world-wide in Drosophilids 
 Location Species Result Source 
Fecundity    
 Eastern North 
America 
D. melanogaster decrease with latitude (Schmidt and 
Paaby 2008) 
 Eastern North 
America 
D. melanogaster  (Schmidt et al. 
2005a) 
Heat 
 Eastern North 
America 
D. melanogaster increase with latitude (Schmidt and 
Paaby 2008) 
 Eastern 
Australia 
D. melanogaster decreases with 
latitude 
Hoffmann et al 
2002(Hoffmann 
et al. 2002) 
Cold 
 Eastern North 
America 
 increase with latitude {Hoffmann:2002
bi} 
 Eastern 
Australia 
D. melanogaster does not vary with 
latitude 
(Hoffmann et al. 
2001) 
 Eastern 
Australia 
D. melanogaster  does not vary with 
latitude 
Hoffmann and 
Watson 1993 
 Eastern 
Australia 
D. simulans does not vary with 
latitude 
Hoffmann and 
Watson 1993 
 Eastern 
Australia 
D. melanogaster cold resistance 
increaes with latitude 
Stanley and 
Parsons 1981 
 Eastern 
Australia 
D. simulans cold resistance 
increaes with latitude 
Stanley and 
Parsons 1981 
 Eastern 
Australia 
D. melanogaster chill recovery 
increases with 
latitude 
{Hoffmann:2002
bi} 
Development Time 
 Eastern 
Australia 
D. melanogaster decreases with 
latitude 
(James and 
Partridge 1995) 
 Western South 
America 
D. melanogaster increases with 
latitude 
van 't Land et al 
1999  
 Western South 
America 
   
Starvation Resistance 
 Indian 
subcontinent 
D. melanogaster, 
D ananassae, D 
kikkawai, Zaprious 
indianus 
decreases with 
latitude 
(Karan et al. 
1998) 
 Indian 
subcontinent 
 decreases with 
latitude 
Karan and 
Parkash 1998 
 Indian D melanogaster decreases with Shamina et al 
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subcontinent latitude 1993 
 Indian 
subcontinent 
D kikkawai decreases with 
latitude 
Parkash and 
Vandna 1994 
 Indian 
subcontinent 
D bipectinata decreases with 
latitude 
Parkash et al 
1994 
 Indian 
subcontinent 
D malerkotliana decreases with 
latitude 
Parkash et al 
1994 
 Western South 
America 
D. melanogaster does not vary with 
latitude 
(Robinson et al. 
2000) 
 Europe, Africa  does not vary with 
latitude 
Da Lage et al 
1990 
 Eastern 
Australia 
D. melanogaster weak decrease with 
lat only in females 
(Hoffmann et al. 
2001) 
 Indian 
subcontinent  
D. melanogaster decreases with 
latitude 
Parkash & 
Munjal, 2000  
 Indian subcontinent (altitude) decreases with 
altitude 
Parkash et al 
2005 
 Eastern 
Australia 
D. melanogaster does not vary with 
latitude 
Hoffman et al 
2005b 
 Eastern North 
America 
D. melanogaster increases with 
latitude 
Schmidt et al 
2005a 
 Eastern 
Australia 
D. serrata does not vary with 
latitude 
Hallas et al 2002 
 Eastern 
Australia 
D. birchii increases with 
latitude 
Griffiths et al. 
2005 
 Europe D. subobscura does not vary with 
latitude 
(Gilchrist et al. 
2008) 
 Western South 
America 
D. subobscura does not vary with 
latitude 
(Gilchrist et al. 
2008) 
 Western North 
America 
D. subobscura increases with 
latitude (males only), 
does not vary with 
latitude in females 
(Gilchrist et al. 
2008) 
 Argentina D. buzzatii increases with 
altitude 
Sorensen et al 
2005 
Size 
 Western South 
America 
 wing area Zwaan et al 2000 
Heredity 
 Western South 
America 
 wing area increase 
with latitude 
van 't Land et al 
1999 
 Western South 
America 
 wing length increase 
with latitude 
van 't Land et al 
1999 
   increase with latitude Stalker and 
Carson 1947 
 Eastern 
Australia 
D. melanogaster increase with latitude, 
non-linear 
James et al 1995 
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 Western South 
America 
D. melanogaster increase with latitude van 't Land et al 
1999 
 Western South 
America 
 wing size:thorax ratio Azevedo et al. 
1996 
 Western South 
America 
D. melanogaster increaes with latitude Robinson et al 
2000 Evolution 
 Eastern 
Australia 
D. melanogaster thorax legnth  Hoffman et al 
2001 Evolution 
 Eastern 
Australia 
D. serrata wing length - 
increases with 
latitude, abrupt 
change 
Hallas et all 2002 
 South America 
and North 
America 
D. subobscura wing size increases 
with latitude 
(females) 
Huey et al 2000, 
Gilchrist et al 
2001, 2004 
Eggs size 
 Eastern 
Australia 
D. melanogaster increases with 
latitude 
Azevedo t al 1996 
 Western South 
America 
D. melanogaster increases with 
latitude 
Azevedo et al. 
1996 
Ovariole number 
 Eastern 
Australia 
D. melanogaster increases with 
latitude 
Azevedo et al 
1996 
Dessication 
 Eastern 
Australia 
D. melanogaster does not vary with 
latitude 
Hoffman et al 
2001 Evolution 
   increase with latitude Karan et al 1998 
   increase with latitude Parsons 1980 
 Eastern 
Australia 
D. serrata does not vary with 
latitude 
Hallas et al 2002 
 Europe D. subobscura Decreaes with 
latitude 
Gilchrist et al 
2008 
 North America D. subobscura Decreaes with 
latitude 
Gilchrist et al 
2008 
 South America D. subobscura Increases with 
latitude 
Gilchrist et al 
2008 
 Argentina D. buzzatii decreases with 
altitude 
Sorensen et al 
2005 
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APPENDIX B 
SEASONAL CHANGES IN PRE-PUPATING  
LARVAL WANDERING BEHAVIR IN TWO SPECIES OF DROSOPHILA 
 
SUMMARY  
 Drosophila live in an environment that is very heterogeneous on a small scale. 
Therefore, location of fixed developmental stages (e.g., egg and pupa) can have strong 
fitness consequences on small scale. Drosophila oviposit directly onto rotting fruit where 
the larva eat and grow. Once developing larvae reach the third instar, they leave the 
humid food search for a dry site in which to pupate; given the fine-scale differences in 
temperature and other environmental factors in the wild, the wandering behavior of larva 
before pupation may affect fitness and therefore may be shaped by natural selection. In 
the laboratory, Drosophila develop in vials with food at the bottom that fills the role the 
rotting fruit in nature. When the larvae complete the third instar, they travel away from 
the food source to pupate on the vertical walls of the vial at varying heights. Pupation 
height is strongly affected by both biotic and environmental variables, such as larval 
density (Sokal et al. 1960; Barker 1971), light (Rizki and Charles G Davis 1953), 
humidity (Sameoto and Miller 1968), and genetics (Markow 1979). The pupation height 
trait is of interest because of the direct fitness consequences both in the field and in the 
laboratory and because there is strong parallelism between pupation sites observed in the 
orchard and the corresponding height traveled in vials the laboratory (Sokolowski 1985). 
There is also a strong history of examining parallels in pupation height between the 
closely related species, Drosophila melanogaster and Drosophila simulans (Rizki and 
   173 
Charles G Davis 1953; Sameoto and Miller 1968; Barker 1971; Markow 1979). Here we 
categorically measure pupation height across seasonal time in both species and identify 
species differences at each time point as well as a an overall decrease in pupation height 
from spring to fall. 
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Figure B-2 Pupation height across seasonal time for two species of Drosophila during 
development of the first generation of flies reared in the laboratory 
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APPENDIX C 
EFFECTS OF WOLBACHIA INFECTION  
ON SEASONAL LIFE HISTORY EVOLUTION  
 
SUMMARY 
 Symbiotic microbes are ubiquitous and they can have a strong affect on host 
behavior and evolution through a tight integration with a host’s physiological processes. 
Wolbachia is a maternally-inherited bacterial endosymbiont that manipulates the 
reproductive biology and evolution of their invertebrate hosts (Werren 1997; Stouthamer 
et al. 2003). Wolbachia has similar reproductive manipulations across a disperse group of 
taxa, but additional phenotypic effects are variable. Theory predicts that the vertically 
transmitted bacterium should increase in frequency due to the cytoplasmic 
incompatibilities and the increased resistance to viral and fungal pathogens (Teixeira et 
al. 2008), but the frequency remains variable in the populations (Chen et al. 2016) and it 
remains unclear what are fitness costs of infection (Harcombe and Hoffmann 2004). 
Here, we examine the role of Wolbachia infection in seasonal adaptation by quantifying 
the infection frequency across seasonal time and measuring the effects of infection on 
seasonal lines.  
METHODS 
Drosophila samples 
 We measured Wolbachia infection status from spring and fall collections in 
Linvilla Orchards, Media, PA across five consecutive years (2011-2015). Flies were 
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collected using a combination of baited traps and aspiration off of rotting fruit. Flies were 
sorted by species using light CO2 and gravid female were used to establish isofemale 
lines from each collection. D. melanogaster and D. simulans were distinguished using the 
genital arch of the male F1 progeny. Flies were maintained in standard laboratory culture 
(25ºC 12:12 L:D) on spralding cornmeal molasses food.  
 
Seasonal Wolbachia infection status 
 After the isofemale lines were established, the F1 progeny were preserved by line 
in 95% ethanol. We measured infection status of thirty lines from each collection point 
by pooling five females from each line for the DNA extractions. Genomic DNA was 
extracted using X method and Wolbachia status was identified using a standard PCR 
method.  
 
Effect of Wolbachia on traits in natural populations 
 Life history traits were measured on the isofemale lines after four generations in 
standard laboratory culture. This common-garden approach removed environmental 
effects on the traits and infers that differences among the collections were due to genetic 
based change in the population or a maternally inherited symbiont (e.g., Wolbachia). 
 Line means for stress traits were quantified using the methods described in 
Behrman et al. 2014. We measured heat knockdown, chill recovery, starvation resistance 
and development time on replicate flies from each isofemale line (Chapter 3). Each 
thermal assay was measured on eight replicate males and females from each line, while 
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the starvation resistance was measured on ten individuals of each sex. Development time 
was measured on the eggs laid by a single female during a 48h window and the 
development rate was quantified by counting the emerging progeny at three time-points 
spaced throughout the day. We used the Wolbachia infection status from the F1s to 
determine the effects of Wolbachia on these traits. 
 
Effect of Wolbachia infection on life history traits in pairwise cross. 
 Spring and fall inbred lines were created using paired sibling matings from the 
2012 collection (Chapter 3) and Wolbachia infection status of each line was identified 
using the method described above. We directly tested the effect of Wolbachia infection 
the spring and fall lines using ten pairs of reciprocal crosses between infected and 
uninfected lines from each season. We measured the same set of life history traits on the 
progeny of the crosses using the methods described previously. 
 
Statistical analyses 
 All statistical analyses were performed in R (R Core Team).  
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Figure C-1Seasonal change in Wolbachia infection status in natural populations sampled 
across five years.  
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Table X-2 Seasonal effect of Wolbachia infection on life history traits in natural 
populations for infected (black) and uninfected (white) lines. Population means pooled 
across years on the left and year-specific comparisons on the right. 
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APPENDIX D  
 
MATERNAL EFFECTS, PLASTICITY AND ENVIRONMENTAL MATCHING 
  
 The environmental change in temperature throughout the season means that flies 
may perform best at the temperature that they inhabited in nature. There are several 
processes that allow organisms to produce flexible phenotypes based on their 
environment instead of solely their own genes. A maternal effect is when the phenotype 
of an organism is determined by the environment and genotype of its mother in addition 
to its own environment and genotype. Phenotypic plasticity leads to temporary or 
reversible changes of the phenotype enabling a rapid individual response to 
environmental changes. While these are generally considered to be mechanisms that 
allow an organism flexibility in phenotype in a heterogeneous environment without 
undergoing genetic changes due to natural selection, it is possible that these processes 
may themselves evolve. We tested the role of rapid evolution of these processes across 
seasonal time using wild populations of Drosophila melanogaster. We show that the 
maternal effects drastically alter, and at times reverse, the phenotype across seasonal 
time. Phenotypic plasticity does not show signs of environmental matching, however the 
larval environment affects adult stress resistance independent of adult environment and 
the degree of plasticity changes in the population rapidly from spring to fall. 
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METHODS 
Drosophila samples 
 Flies were collected from Linvilla Orchards, Media, PA early (June) and late 
(November) in the season using a combination of baited traps and aspiration off of 
decaying fruit. The samples were sorted by species under light CO2 and isofemale lines 
were established using gravid females; lines were distinguished between D. melanogaster 
and D. simulans using the posterior lobe of the male progeny. Approximately 40 
isofemale lines from each seasonal collection point were maintained in standard 
laboratory conditions (25ºC 12:12 L:D) on spradling cornmeal-molasses food throughout 
the experiment.  
 
Maternal effects 
 Environmental effects transmitted across generations through the maternal line 
were quantified by measuring traits on the first (F1), second (F2) and fourth (F4) 
generations in the laboratory. 
 
Temperature Plasticity 
 The role of environment matching and plasticity of life history traits was tested 
using spring and fall isofemale lines that have been in the laboratory for approximately 
four generations. Lines were reared at 18, 25 and 29ºC, which reflects a temperature 
range that flies experience in nature (Feder et al. 2000). Larvae developed at each 
temperature and daily cohorts of adults were collected and aged to five days at all 
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temperatures. This design of nine environmental conditions (three larva x three adult 
temperatures) allows for the dissection of larval versus adult temperature in 
environmental matching. 
 
Traits 
 Stress traits were measured on replicate flies from each isofemale line using the 
methods described in Behrman et al. 2014. Each thermal assay was measured on eight 
replicate males and females from each line, while the starvation resistance was measured 
on ten individuals of each sex. Development time was measured on the eggs laid by a 
single female during a 48h window and the development rate was quantified by counting 
the emerging progeny at three time-points spaced throughout the day. 
 
Statistics 
 All statistical analyses were performed in R (R core team). Trait line means and 
standard error were calculated for F1 and F4 lines as well as each larval x adult 
temperature combination. Developmental reaction norms for each line were calculated by 
line for each trait following the method described in (Kingsolver et al. 2004). 
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Table D-1 Analysis of variance for seasonal change in plasticity in the fourth generation of flies collected from the wild across 
seasonal time and reared at three temperature environments (18ºC, 25ºC, and 29ºC) and three adult temperatures (18ºC, 25ºC, and 
29ºC). 
  
Starvation 
 
Heat 
 
Chill 
 
 
Source DF SS F Ratio 
 
DF SS F Ratio 
 
DF SS F Ratio 
 Model 95 8870857 106.04 *** 96 3760579465 21.41 *** 102 5372926000 11.51 *** 
 
Month 1 186733 95.72 *** 1 3.33E+06 1.01 
 
1 3.16E+08 50.57 *** 
 
Larval Temp 2 767260 435.67 *** 1 8.04E+07 43.94 *** 2 5.16E+08 56.34 *** 
 
Adult Temp 2 3617301 2053.99 *** 1 9.61E+07 52.55 *** 2 1.73E+08 18.95 *** 
 
Month*Larval Temp 2 201953 114.67 *** 1 2.04E+07 11.17 ** 2 3.48E+08 38.03 *** 
 
Month*Adult Temp 2 377843 214.55 *** 1 6045176 3.30 
 
2 1.72E+08 18.78 *** 
 
Larva Temp*Adult Temp 4 429603 121.97 *** 2 2.41E+08 65.75 *** 4 4.50E+08 24.57 *** 
 
Month*Larva Temp *Adult 
Temp 4 942426 267.57 *** 2 6092771 1.66 
 
4 2.16E+08 11.82 *** 
 
Line[Month] 78 885908 12.90 *** 81 1.11E+09 7.48 *** 85 1.92E+09 4.95 *** 
Error 11740 10337716 
  
6022 1829720 
  
7227 3.31E+10 
  * p<0.05, ** p<0.01, ***p<0.0001. 
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Figure D-1 Maternal effects change across seasonal time as measured by the difference 
between the F1 and F4 (common garden) trait values. 
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Table D-2 Line means +/- SE (y-axis) for effects of larval (z axis) and adult (x-axis) 
rearing temperature on (A) starvation resistance, (B) chill recovery and (c) heat 
knockdown for spring (black) and fall (red) populations.
   186 
 
 
Larva=18 Larva=25 Larva=29
50
100
150
200
50
100
150
200
June
N
ovem
ber
18 25 29 18 25 29 18 25 29
Adult temperature (C)
S
ur
vi
va
l t
im
e 
(h
ou
rs
)
Starvation Recovery Time
18 25 29
0
3000
6000
9000
0
3000
6000
9000
June
N
ovem
ber
18 25 29 18 25 29 18 25 29
Adult temperature (C)
C
hi
ll 
R
ec
ov
er
y 
(s
ec
on
ds
)
Chill Recovery Time
18 25 29
0
2500
5000
7500
10000
0
2500
5000
7500
10000
June
N
ovem
ber
18 25 2918 25 2918 25 29
Adult temperature (C)
H
ea
t K
no
ck
do
w
n 
(s
ec
on
ds
)
Heat Knockdown Time
18 25 29
0
3000
6000
9000
0
3000
6000
9000
June
N
ovem
ber
18 25 29 18 25 29 18 25 29
Adult temperature (C)
C
hi
ll 
R
ec
ov
er
y 
(s
ec
on
ds
)
Chill Recovery Time
Figure D-3 Thermal reaction norms across seasonal time for larval (panel) and adult (x-
axis) environmental temperatures.  
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